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Abstract
As Silicon Photonics is developing further towards integration on a single platform, the need 
for precise fabrication is paramount and no matter how developed a technology is, there is 
always potential for error at the wafer and chip level. In combination with Focused Ion 
Beam (FIB) technology, we will present direct write methods to fabricate and tailor Silicon 
Photonic devices to offer the potential of prototyping, testing and correction in a post­
processing environment.
Flowever, inherent in most FIB processing is the introduction of large optical loss due to 
damage and implantation of Gallium, because Gallium is typically the ion species used in 
FIBs. Therefore, methods of processing to minimise any potential loss and changes to the 
original device design will also be presented alongside results and a discussion offering a 
comparison with other potential methods.
Actual results from the application of a FIB to fabricate a Bragg Grating Filter, to trim  a 
waveguide bend and to map the residual Gallium contamination are presented within. Using 
the information gathered through these different examples, a micro disk resonator, initially 
faulty when fabricated, has been successfully tailored with a FIB using a direct write 
approach. The repaired device which initially had very poor resonator characteristics, 
subsequently exhibited a Quality Factor (Q) of 125, a Free Spectral Range (FSR) of 1.25nm, a 
Full Width Flalf Maximum (FWFIM) of 250pm all with a Finesse (F) of 5 after FIB processing.
Whilst the work presented within, and the figures of merit for the repaired resonator are 
not the best to be reported within the literature, they are ''proof of principle" evidence that 
the FIB cab be successfully utilised as a tool for repairing a faulty device, in a simple one step 
process.
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1. Introduction
Photonics is the science of generating, guiding, manipulating and detecting light. It is 
generally considered that the term 'photonics' was coined as a way to describe the field of 
research whose goal was to use light to perform a number of different functions that 
traditionally fell within the domain of electronics, such as telecommunications, sensing and 
information processing. Additionally various areas of medicine and, more recently, optical 
computing can also be considered within the scope of photonics.
Historically speaking the invention of the first Lasers in the 1960's and the development of a 
low loss transmission medium in the form of glass fibres heralded the start in the 
application of light beyond its more traditional purpose of lighting, paving the way for the 
telecommunications revolution in the late 20^  ^ century and thus the formation of the 
Internet. Combine these technologies and ideas with the maturity and success of the 
microelectronics industry and we have the basis of silicon photonics.
Silicon photonics applies those photonic functions previously mentioned with silicon 
material as an optical medium and offers the potential for a new generation of integrated 
photonic circuits. Typical devices are manufactured using existing CMOS processing 
fabrication techniques and with silicon a dominant substrate for most integrated circuits, 
silicon photonics can been seen as low cost alternative to the more expensive lll-V 
semiconductor materials presently used in other integrated photonic circuits.
Initial research and development of silicon photonic devices concentrated on the 
development of low loss waveguides for guiding light [1, 2]. This then advanced to the 
development of various other components such as optical modulators [3], switches [4], light 
sources and detectors. All these devices form the basic build blocks needed for an 
integrated circuit as first envisaged by Soref in 1993 [5] as shown overleaf in figure 1.1. 
Integrating these on to a single silicon substrate can produce a silicon photonic chip that has 
both electronic and photonic functions with added performance and cost benefits.
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Figure 1.1: The Silicon 'Superchip' as envisaged by Soref [1]
Consequently in recent year's silicon photonics has attracted increasing interest from 
numerous multinational companies, Intel [6] being a leader, as well as a high number of 
university research groups throughout the world (e.g. [7]). The reason for this increasing 
interest in silicon photonics stems from a number of keys points. The most attractive to 
date, have been the ability to dramatically increase packing densities of device, reduce chip 
real estate, and thus reduce the cost of a single device. However, with this comes the need 
for increased fabrication resolution, and hence increased complexity and cost.
Presently, silicon photonic devices are fabricated with deep ultraviolet (UV) optical 
lithography and dry etching [8], techniques all of which are compatible with standard CMOS 
processing presently used to fabricate advanced electronic circuits at high volume. 
Alternative fabrication methods, such as Electron [9], Proton Beam [10] and Focused Ion 
Writing [11] can also be used to fabricate devices whilst also offering the potential for 
device prototyping, or for correction of design errors or fabrication inaccuracy/error at 
resolutions far higher than the methods already mentioned. These methods rely on the 
ability to directly fabricate a device without the need for expensive masks, as well as the 
long and complex fabrication flows that are typically used today. Each method varies in 
approach to fabrication of devices. In the remainder of this chapter, each is introduced and 
explained in turn. However, the main area of interest for this work is the Focused Ion Beam 
(FIB) so only a brief description will be given here with additional details provided in the 
main body of this thesis.
1.1. Fabrication Technologies & Techniques
Fabrication of structures and features on a substrate material can take place through one of 
two generic methods, either via indirect or direct write processes. Each method has its merit 
as well as its drawbacks.
1.1.1. Indirect Write Processes
Indirect write processes will be discussed in turn.
1.1.1.1. Optical Lithography
The most widely used patterning technique in the microelectronics industries to date is 
optical lithography, or more commonly known as photolithography [12]. This is the 
technique for transferring a pattern via a mask to the substrate of a material through the 
exposure of a photosensitive material, more commonly referred to as photoresist to UV 
radiation. This is a highly effective parallel technique as it allows the transfer of any pattern, 
independent of the number of features at any one time, making it an excellent candidate for 
mass production. The information transferred to the resist is merely the size and location of 
the features on the mask, making it a two dimensional process. However, this information is 
not permanent as additional processes are needed to make the mask features permanent, 
the discussions of which will be introduced later.
Whilst there are clearly some advantages to this technique, there are a number of 
disadvantages. The actual size of the features that can be transferred at anytime is limited 
by diffraction and the wavelength of the UV radiation source. Current commercial 
photolithography systems use Deep UV light with wavelengths of 248nm and 193nm, 
allowing for a minimum feature size down to 65nm[8]. The need for a mask is also a 
drawback as this can be expensive in both cost and development time. Whilst the pattern of 
the mask is drawn in a CAD environment, it can take some time to complete and translate to 
a physical mask. In addition, the actual cost of the mask can be high and as the complexity 
of the features to transfer increase, so do the costs.
1.1.1.2. Electron Beam Lithography
Electron Beam Lithography (EBL) [12] is a similar technique to optical lithography. It is based 
on the ability to transfer extremely high resolution patterns to a material via a resist by
scanning a beam of electrons across the surface instead of UV radiation. This beam of 
electrons varies in energy between 30 to 100 KeV, and can have a spot size down to lOnm in 
diameter. Similar to photoresist, the resist used in this technique is sensitive to electrons 
and alters its state accordingly. However, in contrast to photolithography, EBL is a serial 
technique, meaning that individual features need to be written in sequence, therefore the 
time taken to write, linearly increases with the number of features required. This drawback 
makes this a more suitable technique for device prototyping than mass production, and as 
before, this is also a two dimensional writing method. Whilst EBL is able to produce high 
resolution features, it is limited to thin layers due to the fact electrons scatter easily within 
the resist, thus giving a far larger irradiated spot within the resist than that at the surface, of 
course limits its use to two dimensional uses.
Both of the techniques introduced above in this section rely on the transfer of a two 
dimensional pattern either via a mask or via a beam of electrons onto a type of resist. Upon 
exposure to this radiation, the chemical structure of the resist is altered and features 
transferred. To physically define these features, a developing solution is needed. Here 
sections of the resist will become soluble or insoluble to the developing solution and be 
removed from the surface, either through a positive process (exposed sections) or a 
negative process (unexposed sections). Immersing the material in such a developing 
solution will physically define the features in the resist. This is a precise process and such 
development parameters as chemical composition, temperature and duration all have an 
influence on the final features, therefore careful optimization is required.
1.1.1.3. Imprint Lithography
A third process similar to the two previous techniques is Imprint Lithography [13]. Here 
patterns are defined in a layer of resist through mechanical deformation instead of chemical 
alteration. A mould is used which holds an inverse of the features to be transferred; this is 
pressed into the liquid resist. Whilst the mould is still in place, the resist is cured by either 
UV radiation or heat to solidify it, thus leaving the pattern of the mould in the resist.
The greatest advantage of this technique compared to the previous is its simplicity. There is 
no need for expensive complex optical or electron beam systems as before. Additionally, 
this is a very good technique for low cost, high throughput of high resolution features.
However, a layer of resist is still present after moulding and this has to be removed for the 
features to be transferred to the substrate. Though this technique has its benefits, it also 
has a disadvantage that repeated use of a mould can result in wear and tear, thus altering 
the features on the mould.
1.1.1.4. Etching Techniques
With the features defined on the material in resist, a final stage of fabrication must be 
followed to replicate them on to the substrate and make them permanent. This involves an 
etch step where material is controllably removed from the surface thus physically defining 
the desired features in the material. This can be carried out in a wet etch bath or a dry 
plasma chamber. This process will be discussed in more detail further in this thesis in the 
context of experimental use.
1.1.2. Direct Write Processes
Direct write processes will be discussed in turn.
1.1.2.1. Proton Beam Writing
Proton Beam Writing (PBW) [14] is a direct write technique that uses a focused beam of 
high energy MeV protons, which, similar to EBL, is scanned across the surface of a material
to realise a desired pattern. This can be scanned either on to a resist or directly on to the
substrate of a material which is then physically realised through electrochemical or chemical 
etching. PBW is both a serial and parallel technique.
Due to protons being 1800 times larger than electrons, they have a deeper penetration 
depth in materials and due to their low lateral spread; they travel in an almost straight line.
This allows for the fabrication for high aspect ratio two or three dimensional structures with
vertical and smooth sidewalls in the case of the latter.
1.1.2.2. Focused Ion Beam Writing
Another direct write technique, and subject of this thesis is Focused Ion Beam (FIB) writing 
[15]. Akin to PBW, a finely focused beam of ions is scanned across a sample to write the 
desired features by locally sputtering material away from the substrate surface. In this 
chapter only a brief introduction will be given to this technique; a more detailed discussion
will be presented in the literature review in chapter two. As with the other systems its 
advantages and disadvantages will be discussed.
The fundamental properties of a FIB system make it an attractive alternative for device 
fabrication. Being a direct write method, there is no need for layers of resist to be placed on 
the substrate of a material. In present commercial systems, a high energy beam of Gallium 
(Ga) ions of the order of 30keV is focussed to a spot with a diameter of approximately lOnm 
in size. Due to their large mass, these Ga ions will sputter away the substrate as they collide 
with the surface. This system is therefore a serial technique thus not suitable for mass 
production. Flowever, applying it to device prototyping is effective and it may be suitable for 
nanosurgery within a wafer scale testing programme.
FIB writing is not limited to two dimensional features; as three dimensional features are 
created when the surface is sputtered. Like PBW, this allows and extra degree of flexibility 
in the designing photonic devices to include more complex geometries. Tilting or rotating 
the sample before/during milling allows such complexities to be incorporated; however the 
angle of the beam does have an effect on the sputtering rate. This is discussed further in 
chapter two.
1.2. Summary
An introduction to the field of silicon photonics has been given. Additionally, the various 
different fabrication technologies and techniques have also been introduced. Each 
technology has been discussed in the terms of its advantages and disadvantages when 
applied to fabrication of a generic device.
Within the remaining chapters of thesis, work will be introduced and discussed on the 
subject of using a FIB as a means to fabricate, tailor and repair silicon photonic devices. This 
will include a literature review and specifically how the two different technologies have 
been combined in recent years. Examples of theory pertaining to these subjects will also be 
introduced as well as examples of experimental work demonstrating how a FIB can be 
applied to a silicon photonic device development and repair. Additionally discussion and 
analysis of the work and the issues arising will be included.
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2. Literature Review
Within this chapter, a literature review of the technology associated with this work is given. 
This includes Silicon-On-lnsulator waveguides, their losses and a number of associated Bragg 
Grating devices that have been reported in the literature to date. Additional to this, a 
further introduction to FIB technology is given as well as a review of the work that has been 
reported on the application of a FIB to silicon photonic devices.
2.1. Sllicon-On-lnsulator Waveguides
Silicon-On-lnsulator (SOI) has become an important material in recent years and can be 
applied to many different applications in the semiconductor industry. Through its 
interesting optical properties, SOI has become a desirable material to design and build 
waveguides for the confinement of light.
An SOI wafer can be described as comprising a silicon-guiding layer up to a few microns 
thick and a buried silicon dioxide (SiO]) layer typically a micron thick which acts as cladding 
layer, all supported on top of a relatively thick silicon substrate. This is shown in figure 2.1.
Silicon-Guiding Layer 
Buried S i02  Cladding
Silicon Substrate 
Figure 2.1: SOI Wafer
The relative thickness of these layers varies with design needs. Flowever, to prevent optical 
loss, the buried cladding layer must always be thick enough to prevent optical fields from 
penetrating into the silicon substrate [1].
This is a planar structure and has a limiting factor that any light coupled into it will only be 
confined and guided vertically. For more practical applications, a structure that confines 
light in two dimensions, both vertically and horizontally, is needed.
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Through etching the SOI structure in figure 1, two dimensional waveguides can be created 
as in figure 2.2. Etching down to the buried SiOz creates what is commonly known as a 'strip' 
waveguide, figure 2.2a, or using a shallower etch a 'rib' waveguide can be constructed, 
figure 2.2b.
Si
Buried SiOg Cladding
Si
Buried SiOg Cladding
Silicon Substrate Silicon Substrate
(a) (b)
Figure 2.2: Strip (a) and Rib (b) SOI Waveguides
These structures are the fundamental building blocks of all photonic circuits and without 
them light cannot be confined and distributed around a circuit or device. Typically these 
waveguides are fabricated to high standards with low optical loss, single mode behaviour 
and polarisation independence, commonly referred as zero-birefringence operation. Each of 
these points will now be discussed.
2.1.1. Single-Mode SOI Waveguides
Manufacturing SOI rib waveguides allows us to fulfil a highly desirable characteristic of only 
allowing a single optical mode to propagate within the waveguide. This was first 
demonstrated theoretically by Soref et al in [2].
D
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Figure 2.3: Cross-section view of an SOI Rib Waveguide
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The previous figure shows a cross-section of a rib waveguide whose rib width is defined as 
W, an inner rib height of h and an outer rib height of H and r is the ratio of the inner to 
outer rib heights. Compared to strip waveguide structures, a rib waveguide can be more 
useful as its larger cross sectional area compared to a strip allows for more efficient low-loss 
coupling of light into and out of the waveguide.
In [2], shallowly etched rib waveguides, where 0.5 < r <1.0, were considered. It was found 
that r > 0.5 allowed only the fundamental vertical mode to propagate. Using the Effective 
Index Method (EIM), the ratio of rib width and height was found in which higher-order 
modes just failed to guide. From this work, an equation for the single mode condition (SMC) 
was produced:
(2.1)
Furthering this work, a number of authors were able to demonstrate single-mode behaviour 
in rib waveguides [3,4,5,6,7]. Pogossian et al, in [4] demonstrated the precise condition for 
single-mode behaviour was through a direct effective index approach, and in their 
conclusion they produced an equation slightly different to that of Soref et al in [2] showing 
more rigid design rules for the waveguide geometry if the SMC is to be achieved:
However, these works were limited to large rib waveguides, whereas presently the trend is 
towards further device minimisation for increased packing densities and thus reduction in 
cost. In practice today, typical rib height dimensions are now in the order of < 1.5pm.
Vivien et al in [8], conducted work on waveguides whose height varied from 0.75pm to 2pm 
with a varying width of 0.8pm to 1pm. In this paper Vivien et al performed FEM analysis [9] 
concluding that the single mode condition was limited by the waveguide width but was valid 
for even deeply etched waveguides.
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Coupling light into a waveguide can be problematic as it is difficult to control the 
polarisation state in a fibre; therefore this is an issue if a device is designed for a specific 
polarisation. To overcome this, it is beneficial to design a device to have similar performance 
for any polarisation state. In figure 2.4, we can see that Transverse Electric (TE) and 
Transverse Magnetic (TM) modes have different mode shapes. Through careful 
consideration of the device dimensions polarisation independence operation can be 
incorporated.
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Figure 2.4: Mode profiles for both TE and TM respectively
Chan et al [10] conducted an investigation into the design rules of such single-mode, 
polarisation independent devices. Different waveguide dimensions were investigated; three 
different heights were chosen to be 1pm, 1.35pm and 1.5pm each with varying width and 
etch depth. Within this paper the effective index difference between the two modes was 
evaluated for a waveguide with a height of 1pm with varying width and height, the results of 
which can be seen in figure 2.5.
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Figure 2.5: Effective Index difference plotted against varying width and etch depth[10]
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Referring to this graph, we can see several points where the difference in the effective index 
(N) is zero; this is the point where there is zero-birefringence (ZBR). We can see that this is 
true for fairly deep etch depths as well as larger widths, which would be a more favourable 
choice as the fabrication tolerances would be reduced. Further work was reported in [11], 
where both the SMC and ZBR can be simultaneously satisfied, as in figure 2.6.
Figure 2.6: Graph showing SM and ZBR conditions for differing rib waveguide heights [11]
From this work, Chan proposed another equation for the SMC based on the simulation data 
obtained in [11]:
(0.94 + 0.25//)r
- r
(2.3)
For 0 < r < 0.5 and 1.0 < H < 1.5, and where the minimum etch depth for ZBR has been 
determined to be D^m = 0.06 + 0.56H.
To date, such investigations into the SMC and ZBR behaviour of waveguides has centred on 
the fact that there is merely air covering the structure. However, in practice, an over layer is 
often deposited onto a rib waveguide for a number of reasons, including protection from 
damage and contamination, as well as to provide electrical isolation. Typically, this over
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layer is SiOz for SOI structures. Therefore, the SMC and ZBR conditions must also be 
determined as the introduction of such a layer changes many properties of the structure.
Milosevic et al are one group to have reported work on this matter in [12]. It was shown 
that the presence of an oxide over layer causes stress to the structure, altering the 
dimensions of a waveguide where the ZBR condition can be achieved. Referring to figure
2.7, we can see two cases where the oxide layer is not present (a), and where it is present 
with a thickness of 0.3pm (b).
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Figure 2.7: SMC & ZBR condition as a function of width and etch depth (a) without and (b)
with an oxide layer [12]
From this graph, we can see that as stress is induced on the rib, the ZBR condition becomes 
less strict. Employing this effect will allow us more possibilities for device design, since the 
SMC and ZBR condition appear at the same time more frequently.
The rules introduced so far have centred on the design of rib waveguides; however the 
present trend is towards the design and realisation of smaller strip waveguide devices. In
[13] Timotijevic et al reported work on the design rules for strip waveguides with an oxide 
over layer using 2D simulations. Results from this work can be seen in figure 2.8.
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Figure 2.8: SMC condition for strip waveguide (a) TE-mode and (b) TM-mode[13]
Referring to the graphs in the above figure, we can see a green line which represents the 
upper limit of the SMC region above which is where first higher order modes will be fully 
confined. The second black line is the bottom limit of SMC region which is where higher 
order modes are not likely to be confided. Comparing the two SMC's, suggests that even for 
small dimensions, multi-mode behaviour is possible; with the dimensions for TM 
polarisation waveguide always being smaller than those of a IE polarised waveguide, 
therefore TM polarisation becomes the critical factor for the SMC.
2.2. Loss Mechanisms for Optical Waveguides
The initial work of Soref and Bennett et al in the 1980's [2,14] found that Silicon was 
transparent at those wavelengths used for optical communication, 1.3pm to 1.6pm. At this 
time Soref estimated propagation losses in Silicon of around IdB/cm. He first demonstrated 
losses to be 5-13dB/cm for slab waveguides and 15-20dB/cm for rib waveguides [15]. The 
waveguides demonstrated throughout this initial period were made from Separation by 
IMplanted OXygen (SIMOX) SOI.
Continuing Soref s work, many groups were able to improve and verify his initial research. 
The first major improvement was demonstrated in 1991 by Schmidtchen et al in [16]. Here 
losses as low as 0.5dB/cm were shown for a rib waveguide of height 7.4pm, etch of 2.2pm 
and of widths from 3pm and upwards, for wavelengths of 1.3pm and 1.55pm.
At the same time, Weiss et al were also conducting practical experiments into SIMOX 
waveguides [17,18]. For planar waveguides with a Silicon-guiding layer of 0.5pm to 2pm, far
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smaller dimensions than those in [16], they were able to record a minimum loss of 8dB/cm 
at a wavelength of 1.15pm. In conclusion of their work, Weiss et al attributed their higher 
loss to surface roughness and scattering from the crystal lattice defects.
Rickman et al in 1992 conducted work on planar guides with a varying thickness of the SiOz 
layer [19]. From this data, Rickman was able to show that if the SiO] layer was too thin, then 
the propagating light would couple to the silicon substrate and therefore increase the 
propagation loss, thus demonstrating the importance of the SiOz layer. During this work 
losses of 0.14±0.5dB/cm at 1.523pm were demonstrated.
The lowest recorded loss of in an SOI waveguide to date was demonstrated in 1996, Fischer 
et al [20]. They reported a loss of < O.ldB/cm at a wavelength of 1.3pm, which today is a 
common figure for rib based waveguide structures. However, as discussed in the previous 
section, the fabrication of waveguides has been reduced from rib waveguides to strip 
waveguides. For waveguides with dimensions of 220nm x 445nm, losses of 3.6dB/cm have 
been reported for TE modes [21] and 2.8dB/cm for 200nm x 400nm waveguides [22]
The development in the reduction of the loss in optical waveguides does not mean that a 
low loss waveguide is easily achieved; the loss mechanism involved in such waveguides must 
be understood. As mentioned above, Weiss et al attributed their higher loss to scattering 
due to high surface roughness. This is one of several mechanisms and each will be discussed 
in turn below.
2.2.1. Scattering losses
Scattering losses usually occur due to imperfections in a waveguide due to its geometry and 
the quality of the material used in fabrication. There are two types of scattering losses in an 
optical waveguides: volume and surface scattering [1].
Volume scattering is caused by the imperfections in the material used; these range from 
voids, contaminant atoms or crystalline defects. The second, surface scattering, is caused by 
the roughness at the interface between the core and the claddings of a waveguide.
Utilising the mature CMOS technology to process and fabricate waveguides, one can assume 
that volume scattering can be negligible as the materials in use are well understood and are
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of significant quality; however the opposite can be said for surface scattering. No matter the 
quality of a material, surface roughness will always play a part in the loss of a waveguide.
2.2.2. Absorption loss
Absorption loss occurs when optical energy is transferred to a semiconductor material. This 
can occur through one of two ways, either through band edge absorption, or through free 
carrier absorption [1].
If the photon energy of the light being guided in a waveguide is greater than that of the 
materials band gap, band edge absorption occurs. They are absorbed by the material and as 
they are absorbed, they give up their energy to raise electrons from the valance band of the 
material in to the conduction band. To avoid this phenomenon, the wavelength of the 
guided light must be longer than that of the absorption edge of the waveguide material.
The second loss mechanism, free carrier absorption, occurs when photons give up their 
energy to raise an electron already in the conduction band, or a hole already in the valance 
band, to a higher energy level. This method of absorption can be very significant in 
semiconductor material based waveguides. The Free carrier absorption loss in a material 
can be approximated using the following equation overleaf, known as the Drude-Lorenez 
equation [15]:
Acz =  ^ ------1- — ^ \  (2.4)
4n^ c^ Son \  Heimler V   ^ ^
where e is the electronic charge, c is the velocity of light in vacuum, pe is the electron 
mobility, Ph is the hole mobility, mce* is the electron effective mass, mch* is the hole 
effective mass. Ne is the free electron concentration, Nh is the free hole concentration, 8o is
the permittivity of free space and Ao is the free-space wavelength.
Some of the parameters in equation 4 are interdependent, so care must be taken when 
evaluating the effect of free carrier absorption. In [15] Soref and Lorenzo evaluated 
equation 2.4 for an increasing concentration of holes and electrons varying between 10^ ® 
and 10^°cm'^. Their data is shown in figure 2.9.
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Figure 2.9: Absorption due to Free Carriers [15]
Referring to the graph above it can be shown that absorption increases with an increase in 
the carrier concentration. An example from figure 10 shows that an injected hole and 
electron concentration of lO^^cm  ^would correspond to a loss of around 10.86 dB/cm.
2.2.3. Radiation loss
Radiation loss occurs when photons of a guided light are emitted into the media 
surrounding and cease to be guided through the waveguide. For straight waveguides, 
radiation loss should be negligible for well confined modes. However in some situations, 
scattering of the light as it travels may lead to mode conversion and as the energy transfers 
from a lower to higher order mode, some of the modal energy can be lost through radiation 
as in [2] . The possibility of radiation loss also exists since the lower cladding of a waveguide 
is finite. In the case of a SOI waveguide, the buried oxide layer must be sufficiently thick 
enough so the light does not penetrate it and thus couple in to the substrate.
2.3. Bragg Grating Devices
In modern optical communication systems, wavelength filters are essential components. 
Their continual need has driven development of such systems towards an increase in 
component packing density and a reduction in associated costs whilst still producing 
systems with higher functionality. Optical waveguide based devices, such as Bragg Gratings, 
are such a technology that meets these rigorous demands. In this section, Bragg Grating 
devices will be introduced and reviewed.
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Bragg Gratings are formed by a inducing a periodic change in the refractive index of a 
device. Such a device maybe an optical fibre or a simple waveguide as introduced earlier. 
This variation in refractive index acts as a wavelength filter, which will transmit or reflect 
according to its design.
The use of gratings in an optical waveguide has a number of advantages over its optical fibre 
counterpart. The main and most important is that waveguide based gratings can be 
implemented in a far more efficient and compact manner due to the higher refractive index 
contrast that can be achieved. Combined with the mature processing technology offered by 
Silicon, the potential of a monolithic integrated optical 'superchip' [23] is within reach.
2.3.1. Silicon-On-lnsulator Bragg Grating Filters
The first optical waveguide based Bragg grating was reported in 1987 by Yi-Yan et al [24]. 
This was a first order grating based on a GaAs/GaAIAs single mode rib waveguide whose 
centre waveguide was at 1.55pm. The dimensions of the waveguide were a GaAs rib height 
of 1.8pm on a 1pm slab of GaAlAs, with widths varying from 2pm to 5pm. The length of the 
grating was 2500pm with a period of 225nm etched to a depth of 400nm. Figure 2.10 shows 
a SEM of the 2pm wide rib waveguide. The authors reported that under TE polarisation, 
they achieved 92% reflectivity with only 0.2nm shift between TE and TM polarisation's. The 
work started here went on to create a great interest in using rib waveguides as narrowband 
optical filters.
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Figure 2.10: SEM image of 2pm wide rib waveguide reported in [24]
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Later in 1997, Cutolo et al [25] proposed using an SOI based p-i-n diode combined with a 
Bragg grating to form one of the first grating based modulators, as in figure 2.11. Varying 
the refractive index through carrier injection, the intensity of the light transmitted through 
the device could be controlled.
Figure 2.11: PIN Diode Grating
The device reported was again a rib waveguide based device, with a height and width of 
3pm, along which a 3200pm grating was etched with a period of 227nm to a depth of 45nm. 
In this work the authors reported using 4mW to achieve a 50% modulation depth with a 
response time of 12ns, showing suitable ability to operate in the MHz transmission region.
In 2001, Murphy et al published the first experimental data on the fabrication and 
characterisation of a first order SOI Bragg grating reflector [26]. This was fabricated on a rib 
waveguide with a height of 3pm and width of 4pm, etched SOOnm down to the slab. The 
grating was fabricated to a length of 4000pm, with a period of 223nm etched to a depth of 
ISOnm, shown in figure 2.12. The experimental data reported stated a 0.4nm difference 
between TE and TM polarisation with peak reflections of 90% and 50% respectively.
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Figure 2.12: A 223-nm period Bragg grating patterned on the top surface [26]
A new type of grating filter was reported in 2002 by Hasting et al [27]. The device was a rib 
waveguide, where instead of the grating being etched on the surface of the rib, it was 
instead etched into the sidewall, as in figure 2.13, and the grating is apodized, and not 
rectangular as previous works [24,25,26]. This approach was taken by the fact that 
traditional apodization techniques for fibre gratings, based on a varying duty cycle, are 
limited by the lithographic technique used when applied to waveguides.
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Figure 2.13: Hastings Grating [27]
The rib waveguide dimensions were fabricated to a height of 2.2pm, width of 1.6pm with a 
etch depth to the slab of SOOnm. The grating on the sidewall was etched down into the slab 
with a length of 3000pm, with varying modulation depths along its length of 70nm, 325nm 
and 485nm. The advantage of fabricating a grating in such a way is that the side lobes in the
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spectral response exhibited a lower response when compared to an unapodized device. The 
measured transmission bandwidth was 96 and 113GHz for TE and TM modes respectively.
Aalto reported a grating add/drop multiplexer device based on an SOI rib waveguide with a 
height of 9pm, width of 6pm and etched to the slab 4.3pm [28]. This is a larger device than 
those reported by other authors, but it allows higher coupling efficiency from optical fibres. 
Another difference is the grating is etched 1pm deep into the rib, but it also extends onto 
the slab area unlike in most gratings previously reported. Such an action increases the 
modulation depth of the grating, but it also makes the fabrication much more challenging.
Figure 2.14: Schematic and SEM image of the SOI 450nm period grating proposed by Aalto
et al [29]
Two different period gratings were reported, 225nm and 450nm.The structural quality of 
the grating around the waveguide was found to be quite poor for the 225nm period, but 
reasonably good for the double period. On top of the ridge the grating is reasonably good 
for the 225nm period and very good for the 450nm period. The authors found here that due 
to the larger etch depth; the higher order grating exhibited lower loss compared to the 
lower order gratings due to the smaller aspect ratio associated.
In 2003, Irace et al furthered this work and reported a similar structure that would increase 
the operating bandwidth from the MHz to GHz region [30]. The device they reported was 
similar as to that in [25] but with a smaller rib height and width of 1pm, and a shorter 
grating of 3000pm which was etched to lOOnm. The increase in bandwidth is associated 
with the higher optical confinement in due to rib minimisation.
Also in 2003, Chan et al [31] from the University of Surrey reported a Bragg grating device 
based on a third order grating. Compared to similar structures, a higher order grating was
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designed here to reduce fabrication tolerances and allow a simpler fabrication process. A 
disadvantage of such a device is a reduction of the overall efficiency of the device. The 
device was designed with period of 689nm and an etch depth of 200nm into a waveguide 
with dimensions of a 1pm width, etch depth of 0.86pm and total height of 1.36pm. The 
fabricated device demonstrated a maximum reflection of 42% for a 1500pm long grating.
Figure 2.15: SEM image of the third order grating fabricated by Chan et a! [31]
In 2004 Dong et al [32] proposed a second order grating device based on silicon on insulator 
structure as below.
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Figure 2.16: Second order grating filter proposed by Dong et al [32]
The device was fabricated on a SOI wafer with 240nm thick silicon over layer and 3pm thick 
oxide layer. The period of the grating was 620nm, and repeated over a short length just 
under 13pm, being only 20 periods long. Such a grating was designed to achieve reflection 
close to 1.55pm. Varying etch depths were considered between 80nm and 500nm, with the 
latter etching through the oxide during fabrication. The authors reported a 50% duty cycle
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grating with an etch depth of SOOnm was capable of achieving a maximum reflection of 98% 
at the desired wavelength. The figure below shows the simulated transmission and 
reflection spectra for this device.
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Figure 2.17: Simulated spectrum for the device fabricated by Dong et a! [32]
In figure 2.17 it can be shown that the grating duty cycle and the loss of the device are 
related, as the duty cycle increases, the loss lowers. This suggests that a trade off between 
fabricating a device with a higher duty cycle can reduce the loss, however at the expense of 
decreasing the coupling efficiency of the device.
Also in 2004 Liao et al [33] proposed a SOI tuneable grating device that relied on the index 
difference between deposited amorphous silicon and crystalline silicon. The device, as in 
figure 2.18, was fabricated on SOI with 4pm crystalline silicon over layer and a 375nm thick 
buried oxide layer. Trenches 1.2pm by 2.3pm for the grating were etched down to a depth 
of 3.4pm by ICP and later filled with amorphous silicon through deposition by CVD at 550°C. 
Following this fabrication method allowed the optical losses caused by grain boundaries to 
be minimised.
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Figure 2.18: Proposed grating device by Liao [33]
The rib waveguide for the grating was the last part to be etched to a depth of 1.3pm with a 
width of 3.5pm. Different grating lengths and periods were investigated and it was reported 
that a maximum reflectivity of 70% was obtained for a 500 period grating. The Bragg 
wavelength centred between 1520 nm and 1570 nm with a 3dB bandwidth of 0.5nm being 
shown. Also temperature measurements were conducted and the device showed a 
sensitivity of 1.3nm/10°C. Reflection spectra for this device can be shown in figure 2.19.
It
Figure 2.19: Reflection spectra for Liao's grating [33]
In 2006, Kanamori et al [34] reported the fabrication a Bragg grating which was created by 
directly etching the silicon of an SOI wafer down to the buried oxide layer as in figure 2.20.
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Figure 2.20: Bragg grating as reported by Kanamori et al [34]
The device was patterned using EBL on an SOI wafer with a 3pm thick buried oxide and a 
205nm thick silicon over layer. Three different grating devices were fabricated, with periods 
of 680, 700 and 720nm all with a duty cycle of 76%. The 700nm grating showed near 100% 
reflectivity at 1502nm with a spectral width of 40.9nm. It was claimed that the spectral 
width could be reduced further reduced by using an SOI wafer with a 1.1pm thick buried 
oxide and 0.53nm thick silicon over layer, and changing the grating period and duty cycle.
In 2007, Honda et al [35] proposed a tuneable first order Bragg grating device, fabricated on 
an SOI rib waveguide, driven by an Au/Cr contacts, as in figure 2.21.
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Figure 2.21: SEM images of Honda's device (a) cross section and (b) top view [35]
The grating pattern was defined by EBL and fabricated with a period of 230nm over a length 
of 600pm, etched into the waveguide to a depth of 270nm, much deeper than reported by 
Murphy in [26], through use of a Bosch etching process. After fabrication, a Si02 over layer 
was deposited over the device. The rib waveguide was fabricated after the grating with a
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2pm width ail etched into the slab with a 1.1pm etch depth. Here, they suggested that the 
deeper grating depth would give improved coupling efficiencies. Two different grating 
depths were reported, 150nm and 200nm. The transmission spectra and tuning response 
can be seen in figure 2.22.
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Figure 2.22: (a) Transmission Spectra and (b) Tuning Response Spectra for different 
applied voltages on Honda's device [35]
The transmission dips in figure 2.22 have amplitude of 20dB with a bandwidth of 4nm and it 
is possible to tune the device over 18nm.
In 2008, Bulk et al proposed an alternative fabrication process for Bragg Gratings [36]. Up 
until this point, traditionally a device was patterned through means of lithography then 
physically etched to define the features. However, in [36], the authors developed a grating 
device through means of implanting Si and O2 to form the variations in refractive index 
needed to create the grating.
For the O2 implanted gratings, an SOI wafer with 1.5pm Si over layer was used. On top of 
this lOOnm of SiN was deposited to act as a hard mask. The pattern of a 220nm period 
grating over a length of 1000pm was then patterned by EBL making the sample ready for 
implantation. For this device a dual implant process was followed to achieve an implant 
depth of 70nm. The first implant utilised ion energy of 20keV with a dose of 
1.6xl0^^ions/cm^, the second surface implant was carried out at lOkeV with a dose of
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0.8xl0^^ions/cm^. After implantation the SiN layer was removed. The results showing a 
transmission dip of lOdB at 1547nm for this device can be seen in figure 2.23.
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Figure 2.23: Experimental TE response of oxygen implant Bragg grating [36]
For the Si implanted grating, an SOI wafer with 2.2pm Si over layer was used. Upon this a 
40nm layer of oxide was grown through thermal oxidation to act as a buffer layer for the 
resist. A 7000pm long grating pattern was produced holographically using a Lloyds mirror 
setup and a 325nm HeCd laser. Si implantation was then performed at a low temperature of 
77K with energies of 50 and 70keV and a dose of IxlO^^ions/cm^. Following implantation, 
the photoresist mask was removed, followed by the oxide buffer layer. The results for this 
device can be shown in figure 2.24.
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Figure 2.24: Experimental TE response of Silicon implant Bragg grating with different
Implant energies [36]
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From the above figure, the 50keV sample shows a transmission dip at 1530n with 5dB dip in 
transmission with the oxide layer intact. Upon removing the oxide layer, this response drops 
to around 3dB. In the case of the 70keV implant with the oxide removed, the sample gave a 
5dB dip.
The work produced by Bulk et al, was all carried out on a planar waveguide as opposed to 
rib waveguides. However, this work does show promise for the fabrication for Bragg grating 
devices.
This work was advanced by Loiacono et al more recently in [37]. Here the same technique of 
ion implantation was employed, but rib waveguides were used instead of the planar 
structures reported in [36].
In this work, Loiacono et al fabricated rib waveguides with a 1.3pm height, 1pm width with a 
slab height of 0.6pm. As before in [36], a hard mask of oxide was deposited on top of the 
device where EBL was used to pattern a grating with a period of 230nm between 250pm 
and 2mm in length. Germanium (Ge) ions with a dose of lO^^ions/cm^ at an energy of 90keV 
were subsequently implanted into the device. Figure 2.25 shows the reported transmission 
spectrum.
04
-5ÛÛ
I
o_
T 3
eI
c(D
-10
-15
- 2 0 -
- 2 5 -
- 3 0 -
-35
90keV implant - 250|vm length 
90keV implant - 500pm length 
90keV implant - 1000pm length 
90keV implant - 2000pm  length
 1 1 1 1 1 , 1 1 1---------
1.54E-006 1.55E-006 1.55E-006 1.55E-006 1.56E-006
W avelength [nm]
Figure 2.25: Transmission Spectrum for Ge Ion Implanted Grating [37]
Figure 2.25, shows a maximum 30dB dip in transmission with 1.4nm spectral width for all 
the grating lengths chosen for this device. It was reported that the average loss for a 90keV
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implanted grating was 12dB/cm. In conclusion, Loiacono suggested the choice of heavier 
ions when compared to earlier work was beneficial as the damage caused during implant 
was more confined to the desired grating region.
2.4. FIB Processing of Silicon Photonic Devices
The field of Silicon Photonics is increasingly interesting for photonic-electronic integration 
that has the potential to make full use of the mature CMOS processing. With the present 
trend to minimise device design area and thus reduce chip real estate, packing densities 
increase and the overall cost of a device reduces. With this comes the need for increased 
fabrication resolution, and hence increased complexity and cost.
Silicon photonic devices are presently fabricated with deep ultraviolet (UV) optical 
lithography and dry etching [38], [39], techniques all of which are compatible with the 
standard CMOS processing used to fabricate advanced electronic circuits at high volume. 
Alternative fabrication methods can also be used to fabricate devices whilst also offering the 
potential for device prototyping, or for correction of design errors or fabrication 
inaccuracy/error at resolutions far lower than the methods already mentioned. One 
alternative presently being investigated is the use of a Focused Ion Beam (FIB). Typically, a 
FIB system is very similar to that of a Scanning Electron Microscope (SEM), however the 
beam used to raster across a sample is an ion beam rather than an electron beam. Most 
available systems supplement the FIB column with an additional SEM column so that the 
instrument becomes increasingly versatile as a 'dual beam' system and thus offering both 
high-resolution imaging and micromachining in a single unit. The use of FIB technology is 
already very popular in the microelectronic industry as a tool for mask repair, device
modification, integrated circuit (1C) debugging, as well as a powerful tool for high-quality,
high-precision nanofabrication [40]. In contrast to optical lithography, the FIB is a direct 
write method and whilst it has the advantage of being able to write high resolution patterns 
(~10nm); it is a serial technique and therefore slow for mass production. However, applying 
it to device prototyping and nanosurgery makes it an extremely effective tool.
Within the remaining part of this chapter, the FIB and its potential for prototyping and 
nanosurgery will be briefly discussed and a review of the literature relevant to FIB
processing in the field of Silicon Photonics will be given.
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2.4.1. The FIB Instrument
The basic components of a FIB system are of an ion source, ion optics, a substrate stage and 
a vacuum chamber with various auxiliary equipment, as in figure 2.26.
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Figure 2.26: Schematic of a Focused Ion Beam System [41]
The ion source used in the majority of available systems designed with micromachining in 
mind is from a Liquid Metal Ion Source (LMIS). There are a number of different types of LMIS 
available [42] and the list is steadily increasing to further increase the extent of their 
applications. The most commonly used LMIS today is a however a Ga based source. Ga has a 
good combination of a low melting point, which makes the source easy to design and 
operate; low volatility and a low vapour pressure.
A typical LMIS consists of a capillary tube with a tungsten needle through it, an extractor 
electrode and shielding. The capillary acts as a reservoir that feeds molten Ga to the 
needle's tip. Applying an electric field to the end of the wetted tip causes the Ga to form a 
sharply peaked cone, known as a Taylor Cone, typically between 2-5nm [40]. Applying a 
voltage of about 7KV [43] extracts the Ga ions away from the tip, which are in turn 
replenished by the molten reservoir.
These ions are then focused into a beam by the upper lens, which is then passed through a 
mass separator which is set to only allow the required ions with a fixed mass/charge ratio
31
through, thus eliminating any unwanted species. The filtered beam then passes through a 
drift tube, which eliminates any ions that are not directed vertically. Passing through the 
lower lens, the beam size can be controlled to improve focusing, followed a beam blanker to 
control the final location of the focused ions at the substrate. The size and shape of the 
beam intensity profile on the sample determines the imaging resolution and thus the 
micromachining quality.
The stage upon which the sample is mounted will operate in a vacuum around 10^ mbar. 
Typically it can hold wafers up to 300mm and will have three-axis movement, along with tilt 
and rotation capabilities.
2.4.1.1. Sample Imaging & Milling
Under operation, the focused ion beam is raster scanned across the sample which in turn 
emits secondary particles. Depending on the application, the various particles can be 
detected with appropriate detectors in the sample chamber such as a multi-channel plate or 
an electron multiplier. These emitted particles are slowly sputtering the sample and 
implanting Ga ions, so care must be taken to use a minimal beam current to minimise 
material removal and sample damage. These effects are shown schematically in figure 2.27.
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Figure 2.27: Illustration ofGa Ion Impinging on a sample surface [44]
32
The processes shown previously can be predicted by Monte Carlo calculations. The most 
commonly used package for implementing these calculations is TRIM or SRIM (Transport, or 
Stopping Range of Ion in Matter) [45]. It can be used to predict the distribution of ions and 
the kinetic phenomena associated with ion energy loss, including damage, implantation and 
sputtering.
Because of the sputtering due to the ion beam, a FIB can be used to physically mill, or 
sputter, away material from a given area. The sputtering of material determines the etch 
rate, though this is dependent on the angle of incidence of the beam, scanning style, 
number of passes and redeposition effects.
As the angle of incidence increases, the intersection of the beam and the sample increases, 
so the number of atoms sputtered per collision also increases. At the same time, the 
fraction of the number of Ga ions backscattering also increases. This leads to a maximum 
sputtering yield at angles between 75-80°. This has been confirmed for energy levels 
between 25-30keV into Si and SiOz [46].
Sputtering also depends on the exact way in which the ion beam is scanned over the sample 
and whether it was scanned in a single or multiple passes. Single pass milling will be deeper 
and less structurally defined compared to a structure which has been milled with multiple 
passes which will be shallower yet more defined at the edges.
The difference in the structural definition of the area milled is due to effects of redeposition 
and angle of incidence. Redeposition decreases the actual sputtering yield and changes the 
profile of the area being milled as after initial milling it needs to be milled a second time.
2.4.2. FIB Processing in Silicon Photonics
Whilst research into FIB processing has been carried out over the last twenty years, initial 
research combining the use of a FIB and Silicon Photonics was first reported by Ta'eed et al 
in 2004 [47]. The work published showed a Bragg Grating, to achieve a narrowband filter, 
fabricated through physical direct milling of a rib waveguide via means of a FIB instead of 
more traditional photolithography and CMOS processing techniques. The structure they 
reported was on rib waveguide 5pm high, 4.7pm wide with a slab height of 2.6pm. The
33
grating defined on top of the rib had a period of 240nm, corresponding with a first order, 
6.5pm wide over a length of 330pm. This is shown in figure 2.28.
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Figure 2.28: Focused Ion Beam Image of waveguide surface grating [48]
This device was designed to achieve a single resonance around 1665nm, however this was 
not achieved and twenty higher order modes which were not expected were also visible. 
Figure 2.29 shows the transmission spectra over a wide spectral range from 1300 to 1700 
nm.
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Figure 2.29: Experimental grating transmission profile from 1300 to 1700 nm using an 
unpolarlsed LED and optical spectrum analyzer and theoretical calculation of grating
peaks using the BPM method.[48]
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This highlighted the fact that strict dimension control was needed to remove influence of 
high order modes. Additionally through inspection of their gratings they found their milled 
depths to be around lOnm, whereas they expected 40nm. They assumed this was due to 
redeposition of milled material as well as implantation of Ga ions and damage during 
processing.
In 2006, Tanaka at al [49] produced work showing the fabrication of Photonic Crystals (PhC) 
by means of a FIB. They showed the fabricated device was subject to high optical loss due to 
remaining implanted Ga ions. In an attempt to remove these, they initiated an experiment 
on thermal annealing at 800°C in vacuum for a period of 2 hours. A dose of Ga 8x10^^ cm^ 
was applied to a 1x1 mm^ sample of SOI; this was then annealed and evaluated by energy 
dispersive X-Ray spectroscopy (EDS). The results from this can be shown in figure 2.30.
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Figure 2.30: Ratio of Ga to Si atoms in an SOI substrate Irradiated with 8x10^  ^cm  ^Ga
atoms, as function of temperature [49]
Figure 2.30 shows that thermal annealing at 800°C can significantly reduce the number of 
remaining Ga ions to less than one-fiftieth of their original concentration. Therefore, with 
this treatment, optical loss due to the remaining Ga ions is expected to be reduced.
Also in 2006, Schrauwen et al reported the fabrication of vertical fibre grating couplers 
through physical milling of a rib waveguide via a FIB [50]. Within this report various methods 
to overcome the short falls of direct FIB milling were introduced, compared and discussed. 
This included the use of hard masks to protect the sample during milling as well as
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introducing etch enhancements to improve sputtering yield during milling and reduce 
optical losses caused by implantation of Ga. The device reported had a fibre-to-chip 
coupling capacity of 24% which was shown to be comparable to similar devices fabricated 
with conventional etching techniques.
More work on the fabrication of PhCs by means of direct FIB milling was carried out by 
Balasubramanian et al [51] in the same year. Through this method of fabrication, they were 
able to demonstrate that rapid device prototyping was possible through direct milling. 
However, similar to that in [49], it was observed that the direct method had a detrimental 
effect on the optical signal of the fabricated PhCs, through either FIB induced optical 
damage or Ga deposition on the hole inner surfaces. No method for the reduction of these 
losses was proposed.
In 2007, Hopman et al [52] presented their initial work on the various milling strategies 
needed to obtain vertical structures by means of direct FIB milling. Within this work they 
also conducted an investigation in the loss associated with Ga implanted waveguides. For a 
dose of 1x10^^ ions/cm^ they observed that almost all the Ga is within the first 50 nm of the 
Si as shown by figure 2.31a. Loss measurements for as-implanted and annealed waveguide 
were also presented. Following a similar method as in [49], the samples were annealed at 
800°C in a vacuum. The results from this can be seen in figure 2.31b. From this work the 
author concluded that it was possible to produce direct milled devices but with a need to 
further improve the associated losses.
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Figure 2.31: (a) Depth variation of gallium and oxygen atomic concentrations through SOI 
as measured by XPS. (b) Variation of measured waveguide losses with Ga Ion Implantation 
dose for both as-lmplanted and annealed single mode SOI waveguides [52]
In 2007, Schrauwen furthered his original work by fabricating a slanted grating coupler [53], 
again by means of a FIB. Here a coupling efficiency of 46% was reported, which was 5% 
lower than a simulated grating. Through publication of these papers, Schrauwen was able to 
further methods to allow device prototyping in a rapid and more cost effective manner than 
those fabricated by more conventional CMOS techniques whilst also reducing the inevitable 
losses caused by the Ga contamination.
Continuing the work of post processing contamination removal, in 2007 Tao et al [54] 
published work on the fabrication of a 12-fold photonic quasicrystal by means of a FIB which 
was then subject to a low temperature, 78°C, liquid annealing in ethanol over a period of 
20h. A reduction in optical loss was reportedly achieved, however, no quantitative data was 
provided.
Schrauwen also demonstrated the ability to reduce Ga contamination through the use of 
Iodine (12) gas assisted etching followed by annealing at 300°C in a nitrogen environment 
[55], as in figure 2.32.
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Figure 2.32: Loss measurements for directly etched silicon waveguides (n), and iodine 
enhanced etched silicon waveguides before (o) and after (A) thermal treatment. [55]
Whilst the ability to fabricate and reduce optical losses in devices has been demonstrated, 
there are still some fundamental problems to be fully addressed whist fabricating by means 
of a FIB. Issues such as the ability to fabricate truly vertical structures [56] is a clear problem.
Continuing his earlier work, Hopman et al [57] furthered their experiments with various 
milling parameter studies such as dwell time, current rate, scan patterns etc. The resulting 
structures were then investigated to determine their verticality. Aside from only 
investigating the effects of milling in Silicon; SOI and Silicon membranes were also 
investigated. The resulting data from this showed that with a careful selection of the milling 
parameters, it was possible to mill near vertical structures. In the case of bulk Si and SOI, an 
angle of as small as 5° was observed and on a Si membrane an angle as small as 1.5* was 
observed. Issues of the resulting Ga contamination were not investigated, but it continued 
to show that prototyping was entirely possible within a FIB environment rather than across 
several platforms as previously demonstrated by Schrauwen.
Alternative methods for removal of Ga contamination were also published in 2007 by Ko et 
al [58]. Here they introduced a method of plasma cleaning to controllably remove thin 
layers of damage from 5102 TEM samples as prepared by a FIB. Whilst this method was not
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used for repair of Silicon Photonic devices, it does show a proof of concept that can easily be 
transferred across for use with such FIB processed devices. It was reported that layers 
between the thicknesses of 0.5 -  9nm/min could easily be removed in a controllable 
manner by carefully adjusting the bias potential and by controlling the plasma-forming gas. 
The results were verified by EDS as shown in figure 2.33.
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Figure 2.33: EDS spectrum obtained before and after the plasma etching. [58]
In 2008, Schrauwen et al again following the three stage fabrication process as employed in 
[53] demonstrated the fabrication of slot waveguides into existing channel waveguides and 
racetrack resonators as shown figure 2.34.
Figure 2.34: SEM image of an FIB etched 90-nm wide slot in a 500-nm wide waveguide. 
Dashed-dotted lines highlight the slot edges, (b) SEM of part FIB etched slot in a racetrack
resonator. [59]
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Within [59], slot waveguides with a width as small as 90nm were be fabricated on existing 
waveguides by means of a FIB. Additionally, slots were also fabricated on a racetrack 
resonator. The reported losses on the slot waveguide were lOOdB/cm and the racetrack 
resonator reported a Q value of 850 with an extinction ratio of 25dB at 1560nm. Whilst 
these results are not as good to similar devices already reported in the literature through 
EBL [60] they do show a proof of concept for the use of a FIB for device tailoring and 
prototyping.
Whilst work has been reported to demonstrate the ability to reduce or remove Ga 
contamination through various different milling and post processing strategies, they neglect 
the issue of optical loss arising from the presence of amorphous and redeposited layers 
resulting from direct milling. Tian et al from the Royal Institute of Technology (KTH) in 
Sweden have recently published work on such an investigation [61].
Within this paper they demonstrated the fabrication of two silicon photonic devices, a Ring 
Resonator and PhCs, by means of direct FIB milling. In a similar process as used in [50], 
milling was initially into a Silica hard mask. Following this, the sample was then dipped in 
Hydrofluoric (HF) Acid to remove the mask and any redeposited material. Next, a process of 
thermal oxidation was performed to smooth out the milled regions with an aim to reduce 
losses through scattering. The resulting data showed this procedure had benefit on the 
fabrication of the devices under investigation, yet a drawback here was the physical 
dimensions of the fabricated devices changed under thermal oxidation. The waveguide 
width shrank from 400nm to 350nm and the separation of coupling region was increased 
from lOOnm to 150nm. Clearly this is not an ideal situation in the fabrication of a device yet 
it is still within the resolution limit of conventional deep UV photolithography [38].
To date [61] is the most recent publication of the application of a FIB to the fabrication or 
tailoring Silicon Photonic devices. Whilst all the papers highlighted here have reported 
successful integration of the two technologies, there are still fundamental problems 
associated with FIB processing; solutions must be found if future work is to be successful. 
Through this review, a proof of concept has been shown that the FIB, combined with 
additional loss reduction steps, is a viable tool for prototyping and nanosurgery of Silicon 
Photonic devices.
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3. Sample Processing, 
Preparation & Experimental
Techniques
In this section the various processes used to fabricate and prepare a sample for processing 
in the FIB will be introduced. These includes sample cleaning, photolithography for the 
realisation of physical device features, as well as the additional stages needed for the 
physical investigation of FIB processed devices. All processes presented here have been 
carried out within the Advanced Technology Institute cleanroom, at the University of Surrey.
3.1. Sample Cleaning
Prior to any fabrication steps, the sample must be thoroughly cleaned to prevent any 
unwanted contamination affecting later stages such as photolithography and etching. There 
are a number of different steps that can be used to clean a sample, either via solvents, or via 
plasma or acid cleaning. Each will be introduced in turn and it will be highlighted at which 
points such a clean can be used.
3.1.1. Solvent Clean
The most common and frequent method of cleaning is via a solvent clean, one such example 
being commonly known as a 'triple clean'. This involves first soaking the sample in gently 
heated Acetone, followed by heated Methanol, and then in unheated lsopropan-2-ol (IPA). 
There is no general recipe to follow, but the sample will usually be sufficiently clean after 10 
minutes in each solution. The final stage is to rinse the sample with Deionised Water (Dl) 
then dry it with a Nitrogen gun.
Such a method of cleaning primarily removes organic material that is weakly bonded to the 
surface of the sample. If a sample is a virgin piece of silicon and has been stored and opened 
only in a cleanroom environment, a solvent clean is sufficient prior to any further 
photolithography and fabrication. However, if this is not the case or there are unwanted 
impurities still present, further methods of cleaning can be carried out.
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3.1.2. Plasma Cleaning
Plasma cleaning is a more aggressive clean than the solvent clean as described above. It is a 
commonly used process in the semiconductor industry and has the advantage of being 
solvent free, thus producing less waste. Plasma cleaning involves the removal of surface 
impurities and contamination by emerging the sample in low energy plasma created from 
mixture of Argon and Oxygen gas. The plasma reacts with impurities on the surface of the 
sample, knocking them away, though not in the case of Oxygen. The unwanted waste is 
removed by a vacuum. Prolonged use of higher energy plasma can actually etch the surface 
of the sample thus going beyond cleaning. Such an etch process will be discussed later in 
this section.
3.1.3. Acid Clean
A further a final method of sample cleaning is through the use of an acid base cleaner. 
Within the context of the work being carried out during this project, the type of acid clean 
used is via a 'Piranha Clean', though other acid based cleaners have been used but they will 
be introduced as required.
A Piranha Clean is a process using a solution containing a 3:1 mixture of Sulphuric Acid 
(H2SO2 ) and 30% Hydrogen Peroxide (H2 O2 ). It is very effective at removing both organic and 
metallic impurities from the surface of the sample. The solution can be gently heated to 
help sustain its reactivity. As before, the sample is simply left to soak in the solution for a 
period of time, typically this is from 10 to 40 minutes. Care must be taken when placing the 
sample in the solution to prevent thermal shock and cracking of the sample. After it has 
been cleaned, the sample is simply rinsed with Dl water and blown dry with a Nitrogen gun. 
The used acid should then be left to cool before being disposed off in the appropriate 
manner.
Having followed one or all of these steps, the sample is now sufficiently clean for further 
processing. In this work these cleaning steps have been used at different stages, though 
they are mainly used before any form of photolithography or silicon etching.
3.2. Photolithography
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As briefly mentioned in chapter 1, photolithography is a commonly used process in the 
microelectronics industry to selectively transfer a pattern onto substrate through the use of 
a mask and UV light. Typically a light sensitive photo resist is used as a means to define the 
features of the device to be patterned. The various different steps involved in 
photolithography will be introduced and described below. Such steps have been formulated 
by the Silicon Photonics Group and are a basis for all group work, with steps altered 
accordingly to design needs. However, in the context of this work, the process as outlined 
here is sufficient.
As already mentioned, before any processing of a sample can commence, the sample must 
be clean. This can be performed as above. Upon completion of the aforementioned steps, 
the sample is clean enough for the application of resist, but to ensure the sample is 
thoroughly dry after it is clean, it must first be baked at 110°C for up to 30 minutes. After 
baking the sample is now ready to have photoresist applied, however, prior to this a priming 
agent must be applied to the sample as a means to promote the adhesion of the photoresist 
to the surface of the sample. In the case of this, hexamethyldisilazane (HDMS) is used and 
this is applied through a syringe fitted with a particle filter in order to reduce possible 
contamination. When dispensing, it is critical that no bubbles are present as this will ruin the 
photolithography process. The sample is then spun at 4000 rpm for a period of 30 seconds. 
This will ensure the agent is fully distributed over the surface of the sample.
With the priming agent applied, the surface is now ready for the photoresist to be applied. 
Here Shipley 51805 photoresist is used and this is applied and spun in the same manner as 
before. With the photoresist applied, the sample now undergoes further heat treatment, 
known as a 'soft bake'. This is done for two of reasons, to drive away the solvent from the 
spun-on resist and to improve the adhesion of the resist to the wafer. A bake of 110°C for a 
period of 2  minutes is used here.
Following soft bake, the sample is now ready to be exposed to UV radiation, and thus have a 
pattern transferred to it. To do this a mask holding the pattern is needed as well as a mask 
aligner, in which the mask is held and UV light is passed through onto the surface of the 
sample.
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Within the ATI cleanroom, there are two mask aligners, and for this project a Neutronix- 
Quintel Q7000 mask aligner is used. The mask being used for this work is one based on 
designs from the Silicon Photonic group members which include waveguides, ring 
resonators as well as generic shapes.
With the mask properly aligned, the sample and the mask are brought into contact, and 
then exposed to UV light and chemically altering the resist. The S1805 resist is a positive 
resist, so as the light passes through the mask it activates the resist where there is no 
pattern on the mask. These areas of resist thus become soluble in the next stages of 
processing.
With the pattern transferred, the sample must be developed, removing resist and exposing 
sections of the sample. Here we have used Shipley MF-319 developing solution. The sample 
is merely placed in this solution for a period between 20 and 30 seconds. Whilst this is 
happening, it is possible to observe the pattern of the resist altering. This time varies as the 
process continued due to the developer becoming weaker. Upon completion, the sample is 
then rinsed and blown dry.
The final stage of the photolithography process is a 'hard-bake', in which the sample is 
heated to 130°C for 2 minutes. This is done to remove any remaining solvents, and to 
further strengthen the resist for any additional processing.
3.3. Lift-Off
One studied variant of the photolithography process is a process called Lift-off. This is a 
process where structures of a target material are deposited onto the surface of a sample 
using a sacrificial material which can be removed at a later stage. Here the process of lift off 
will be introduced as it is used within the context of the work carried out.
Prior to the target material being applied, a series of lithography steps must be completed. 
Here, a standard photolithography process as introduced earlier is followed. Rather than 
reiterate the processes again, only the point where lift-off is commenced will be introduced.
During photolithography, a layer of resist has been applied and the pattern to be transferred 
has been exposed and developed, leaving only the areas where the target material is to be 
located. Now via a process of deposition, the target material can be deposited on to the
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sample. Where the resist has been dissolved, the material will be directly deposited onto 
the substrate and in the remaining areas, it will be deposited on top of the resist layer.
This is the point where the name of the process has been coined; the final stage is to 
remove, or lift-off, the sacrificial layer of resist through a solvent cleaning process leaving 
only the target material on the substrate.
This is a relatively easy and very effective process which is useful for many different reasons. 
In other applications, lift off can be followed as a means to lay down electrical contact pads, 
or as a protective barrier during an etching process. However, for the purpose of this 
project, it has been used as a means to assist the surface analysis of a FIB processed region 
by depositing a target material, in this case Nickel (Ni), to act as a marker for the location of 
various processed regions on a sample which would be difficult to locate on a blank surface 
without guidance.
3.4. Silicon Etching
Silicon etching involves the controlled removal of a material either via a chemical or physical 
process. There are typically two types of etching commonly employed in Silicon Photonics, 
either wet etching or dry etching. Through the course of this project, both types of etching 
have been used. Here each will be briefly introduced.
Wet etching consists of the selective removal of material by dipping the sample into a 
solution that will dissolve it. Due the chemical nature of the etching process, good material 
selectivity can be made, however this type of etching can often be difficult to control. There 
are two types of etching in wet etching, either a isotropic or anisotropic etching. Isotropic 
etching is the removal of material from a target substrate at the same rate along all 
directions of the crystal, whilst anisotropic etching is the opposite, where an etch will occur 
at different rates depending the crystallographic orientation of the substrate. An example of 
wet etching here is the use of buffered Hydrofluoric Acid, (more commonly known as 
buffered HF) to etch away layers of SiOz. This is typically made up of a 6:1 mixture of 
Ammonium Oxide (NH4F) and Hydrofluoric Acid (HF) in water.
The second method, dry etching is a more suitable technique for the removal of material as 
it provides the ability to provide tight control of etching tolerances and is more easily
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reproducible, in the course of this project the Bosch Etching process was used to physically 
remove material in an STS Inductively Coupled Plasma (ICP) system located within the ATI 
cleanroom.
The Bosch etching process is a time multiplexed process which alternates between two 
different modes to perform a controllable etch. It is a combination of both a chemical and 
physical process. With the sample placed inside the chamber of the ICP, using an RF power 
source, plasma is struck from a gas source, typically Sulphur Hexafluoride (SFe) in the case of 
Silicon, breaking the gas molecules into ions. These ions are accelerated towards the surface 
of the sample at a near vertical angle with a high kinetic energy, leading to the physical 
removal of material. This is the first stage of the Bosch Process.
The second stage is a chemical process, where an inert passivation layer is deposited onto 
the surface of the material, thus protecting the material from further etching. This is formed 
from the gas source Perfluorocyclobutane (C4 F8 ). During the etching phase, the directional 
ions that bombard the substrate attack the passivation layer at the bottom of the trench 
more than that at the sides, thus etching in a downward direction.
Each of these phases can last for several seconds, depending on the type of etch needed. 
These two stages can be repeated many times, resulting in a large number of small isotropic 
etch steps taking place only at the bottom of the etched pits. However, some common 
problems can occur with this two step process. Depending on the parameters, the etch can 
result in large corrugated sidewalls, where each corrugation is the product of one etch cycle, 
or the angle of the etch may not be truly vertical. These problems can be minimised by 
careful characterisation of the etching parameters.
3.5. Polishing
Following a number of the previous processed mentioned, devices can be fabricated on 
samples of SOI. However, prior to any optical investigation, the facets of any samples need 
to be polished in order to reduce optical scattering and allow efficient coupling either via 
free space or fibre coupling. The technique for polishing is entirely down to user preference 
and can be varied as required depending on the sample. The procedure outlined here has 
been formulated by experimental investigation.
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Following dicing or cleaving, the sample facets can be quite rough, and often the placement 
of the devices on a sample may not actually be close to the sample edge, so a fairly rough 
polish to remove large amounts of material is often best to start with. This will gradually 
level the edge of the facet and remove damage from dicing.
Once the facet is fairly level, a smoother grade of etching paper can be used. Each 
successively smoother grade paper will remove less material and gradually the facet surface 
will become sufficiently smooth so as to reduce optical scattering. To ensure this, the 
surface should be continuously checked after each stage using a high powered microscope 
(200x). Images in figure 3.1 show the facet quality for various stages of polishing.
Facet after 2400 Grade Polish Facet after 4000 Grade Polish
Facet after 300nm Grade Polish Facet after 50nm Grade Polish
Figure 3.1: Polishing Pictures
As mentioned, polishing recipes can differ between users, and the samples under question. 
In table 3.1 overleaf, a simplified view of the recipe used here.
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Table 3.1: Personal Polishing Recipe
Stage Paper Type Resolution (nm) Duration
1 Silicon Carbide 1200 19000 2mins/facet
2 Silicon Carbide 2400 10000 lOmins/facet
3 Silicon Carbide 4000 5000 lOmins/facet
4 Aluminium Oxide 1000 lOmins/facet
5 Aluminium Oxide 300 20mins/facet
6 Aluminium Oxide 50 20mins/facet
Once the process is complete and the facets checked, the whole process can be repeated on 
the other side of the sample. This involves carefully reheating the sample holder and 
reversing the sample, ensuring that the polished facets are not damaged.
During each stage, it is common for some of the material removed to remain on the surface 
of the sample, thus making it dirty. This may not be an issue, but the dirt can often obscure 
the waveguides and make optical testing difficult. To remove this dirt, a simple triple clean 
can be employed. This involves soaking the sample first in gently heated Acetone, then 
heated Methanol, then unheated lpropan-2-ol (IPA). Again there is no general recipe to 
follow, but the sample will be sufficiently clean after 10 minutes in each solution. The final 
stage is to rinse the sample with Dl water then dry it with a Nitrogen gun. However, if the 
dirt still remains on the sample, an acid based clean can be employed. One such can be the 
Piranha clean as introduced earlier, or for more stubborn 'dirt'. Aqua Regia can be used. This 
is a mixture formed by mixing fresh nitric and hydrochloric acid in a ratio of 1:3 respectively. 
An important note must be made however when using acid based cleaners, first check the 
types of material the acid will etch so as not to damage any sample.
Following cleaning, the samples are now ready for optical processing or FIB processing. 
However, great care and attention must be taken when handling the samples, so as not to 
damage the polished facets.
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3.6. Optical Characterisation
In order to study the optical characteristics of the devices prepared, a series of experimental 
setups are needed. This section will focus mainly on the equipment and configuration of the 
setups used to characterise given devices throughout their various stages of processing.
There are a total of two different setups that will be used in the course of this work, firstly 
an in plane setup, followed by an out of plane setup. Fundamentally each setup is operated 
in the same way; the difference between the two comes in the type of coupling used to 
perform optical measurements, either through butt-coupling or out-of-plane coupling. Each 
of these will be discussed in turn below.
3.6.1. Butt Coupling Measurement Setup
Figure 3.2 below shows an annotated photograph of the setup used to optically characterise 
given Silicon Photonic devices through butt coupling.
LASER/
DETECTOR |. J s J S i s - T
I
OUTPUT
5^
MNPUTSECTION
Figure 3.2: Butt Coupling Setup for Optical Characterisation
This setup operates by focusing the light from an incoming TE or TM polarised free space 
laser onto the facets of a chips, whose waveguides have been realised through cleaving 
and/or polishing the chip along its input and output waveguides. In order to explain each
56
part of the setup, and its role in characterising our devices, the setup has been divided up 
into a number of sections, indicated by the dashed box regions.
The first and most critical section to note is the tuneable laser/detector. Connected to this 
laser is a polarisation maintaining fibre which is further connected to a collimation stage in 
the left hand side of the highlighted input section.
The light coming out of the collimation stage is mainly TM polarised and now travels in free 
space. This is then sent through a broadband polarising cube beam splitter that is mounted 
inside a cube beam splitter holder. This has two functions, to first define the polarisation 
state of the free space light and secondly to remove any TM polarisation components 
inherent within the beam. This filtered free space light is then passed through a quarter 
wave plate for the linear polarisation state of the input beam to be converted from TE to TM 
or vice versa. This polarised light which is then fed towards the device section.
In the third highlighted region, the device section, the polarised free space light is the 
focused through an objective lens onto the facet of a waveguide. At the output side another 
objective lens is used to capture light emerging from a waveguide output and to launch it 
into a free space beam.
Also within this section, situated above the test chip region, is a top down infrared camera 
and variable zoom imaging tube used to image the top of the test chip under investigation. 
This camera aids in the alignment of the input/output optics and is connected to a video 
monitor (out of the picture).
High precision stages are also included in this section. They are used needed to properly 
align the input and output objective lenses to the test chip. These 3-axis stages are 
micrometer driven for coarse alignment. The micrometers have a manufacturer specified 
resolution of 50nm. Fine tuning can also be accomplished by using built-in piezoelectric 
drives. The drives are powered and tuned with piezoelectric controllers (not in the picture) 
and can be manipulated with a manufacturer specified resolution of 5 nm.
As the free space light emerging from the output objective lens, it travels into the region 
highlighted as the output section. Here the light can be passed directly onto a detector for 
measurement of the optical power. However, the same light can also be diverted through
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the use of a flipper aluminium mirror and directed into another infrared camera for 
visualisation on another monitor. This output infrared camera is another piece of essential 
equipment as it allows visual confirmation of the light coupled into the waveguide is 
emerging from the correct waveguide.
Figure 3.3 overleaf shows (a) a waveguide not guiding light and (b) focused light emerging 
from the same waveguide as viewed by the output infrared camera.
Figure 3.3: Infrared view of (a) output facet (b) with guided light
3.6.2. Out-of-Plane Coupling Measurement Setup
This is the second method of optical characterisation used during this project. The idea of 
out-of-plane coupling is to allow wafer scale testing of optical devices without the need to 
dice and polish the wafer unlike butt coupling mentioned earlier.
Figure 3.4 overleaf shows an annotated photograph of the setup used to optically 
characterise given Silicon Photonic devices through out-of-plane coupling. It is not the same 
setup as shown earlier. This is built slightly differently, but the principles are the same and it 
serves the same purpose for optical characterisation.
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Figure 3.4: Out-of-Plane Coupling Setup for Optical Characterisation
As before, in order to explain each part of the setup, and its role in characterising our 
devices, the setup has been divided up into a number of sections, indicated by the dashed 
box regions.
Again the first region, and important one, is the tuneable laser/detector. As before, a 
polarisation maintaining fibre is connected to the laser, however, this setup does not use 
the optic components as the butt coupling setup earlier. In fact, the fibre goes directly to 
the device under investigation on the left-hand side of the highlighted input section.
Without the need for collimators, half-wave plates, and polarising cubes this setup is simpler 
than the setup discussed earlier, however, the alignment of the input and output fibres can 
be complicated. The fibre is moved into position using high precision stages as in the 
previous setup, and it must be set in such a way that the polarised light is directed onto the 
gratings, used to couple the light into the device, with maximum coupling efficiency. This is 
done by varying its angle, and the x-y-z axis. A similar process is followed for the output 
section of the setup until maximum output is achieved.
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4. FIB Processing of Silicon 
Photonic Devices: Modelling 
and Experimental Results
Within this chapter the processing of Silicon Photonic devices via a Focused Ion Beam (FIB) 
will be outlined and discussed. This work is divided into two different sections, FIB 
processing as a means to fabricate a device, and secondly as a means to tailor, or alter, the 
response of an existing device. Within each section, device design and modelling will be 
given for the type of work being carried out and the practical procedures used will also be 
shown.
4.1. Fabrication of Silicon Photonic Devices
4.1.1. Bragg Grating Device
Bragg Gratings can be constructed by forming a periodic change in the refractive index of a 
waveguide. This change can either be in the form of a periodic material index change, 
known as index modulation, or as a periodic change in the guiding layer thickness, known as 
surface relief, the latter being the design variant considered in this project.
A Bragg grating can be considered as one dimensional diffraction grating which diffracts 
light from the forward-travelling mode into the backward travelling mode. The condition for 
the diffraction into the reverse travelling mode is known as the Bragg Condition (equation 
4.1). For efficient diffraction in the opposite direction, the reflections from the periodic 
changes must interfere constructively at wavelengths where the phase difference between 
each reflection is an integer number of wavelengths. When this condition is fulfilled, the 
grating exhibits the characteristics of a filter which can be used to select a narrowband of 
wavelengths. The Bragg condition is described as:
Ab -
m
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Where Ab is the Bragg Wavelength, A is the grating period, neff is the effective index of the 
structure and m is the grating order. In optical telecommunications, the operating 
wavelength is approximately 1550nm. Parameters for different materials are shown in table 
4.1.
Table 4.1: Common Bragg Grating parameters for an operating wavelength of ISSOnm [1]
Material Si InP/lnGaAsP SiOz
n 3.478 3.17 1.447
A 223nm 245nm 535nm
First order structures have the highest diffraction efficiency, however the fabrication 
tolerances are far stricter as the period is vastly smaller compared to higher ordered 
structures. In the case of a third-ordered Silicon Bragg grating the period is 669nm [2]. 
Referring to table 4.1, each different material listed has a different period for an operating 
wavelength of ISSOnm. The period for is larger for the InP/lnGaAsP and the SiOi, when 
compared to Si. Whilst this would allow the fabrication tolerances to be more relaxed, the 
devices would be far longer in length. Devices fabricated in Si would be more compact 
compared to the other materials listed. Thus, fabricating Bragg Gratings on Silicon-On- 
Insulator (SOI) waveguides offers the possibility to move closer towards integrating both 
optical and electrical components into much more compact miniaturised devices. Its unique 
properties of high optical confinement and low losses in the order of O.ldB/cm [3] make SOI 
an attractive option as a design platform for optical integrated circuits.
The principle behind this project is the ability to use the Focused Ion Beam as a means to 
tailor or fabricate Silicon Photonic devices. To show this we plan to use prefabricated 
samples from a previous PhD project [4], thus any modifications via the FIB can easily be 
distinguished as a change in the original design. These samples consist o f multiple 
components; simple straight waveguides, directional couplers and ring resonators.
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The first area we have decided on is to use the FIB to alter is a straight waveguide in a way 
that it will now act as a Bragg Grating. These waveguides are based on a rib design as 
outlined previously, so to alter the device, the FIB will be used to mill a periodic change in 
the surface of the rib. Figure 4.1 below shows a SEM image of the rib waveguide design 
being considered.
Figure 4.1: SEM of existing Rib Waveguide [4]
Using this waveguide as a basis, and the commercially available simulation package 
GratingMod™ [5], Bragg Grating devices on SOI waveguides can be modelled in terms of 
their length and grating etch depths, each of which contribute to the devices reflectance, 
transmission and bandwidth characteristics.
Modelling the device above and choosing to vary individual device parameters as 
mentioned, plots for the gratings behaviour can be produced. Examples of plots with a fixed 
etch depth and lengths are given overleaf in figure 4.2.
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Figure 4.2: (a) TE & (b) TM Output Reflection Spectrumsfor a 1.35 pm high Rib Based 
Grating with a length of200um, a grating etch depth of O.lum and a period 230nm
Figure 4.2 is a typical example of one device's modelled behaviour; however a series of 
graphs can be produced to show the varying influence each parameter has on the grating's 
response, thus giving the opportunity to find a trade off between each parameter. These are 
as below in figures 4.3 to 4.5.
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Figure 4.3: Reflected Power vs. Grating Etch Depth and Length for (a) TE and (b) TM
Figure 4.3 above shows the varying reflected power for different length gratings with 
various different modulation depths (i.e. etch depth). This figure demonstrates the 
differences between the two polarisations. TE polarisation allows the length of the grating 
to be shorter when compared to TM polarisation. Additionally, the etch depths can be 
smaller for TE polarised devices compared to TM polarised devices. A shallower etch is more 
favourable in order to reduce the potential introduction of scattering losses caused by the 
grating etch. From a fabrication angle, it is difficult to achieve a submicron grating period 
while maintaining its aspect ratio.
The following figure 4.4 shows the Full-Wave Half Maximum (FWHM) versus the grating 
length and modulation depth for both (a) TE and (b) TM polarisations.
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Figure 4.4: Full Wave Half Maximum (FWHM) vs. Grating Etch Depth and Length for (a) TE
and (b) TM
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The results in previous figure show no real difference between the two polarisations for the 
FWHM versus the grating length and etch depth. The FWHM is the spectral width of the 
resultant transmission/reflection spectrum from the grating, in the case of these graphs it is 
the reflection spectrum. As both the grating length and modulation depth increase, the 
FWHM also increases. Though as before, the longer the grating, the less compact the overall 
device, and an increasing etch depth brings the possibilities of increased loss so a careful 
selection of the desired parameters is needed.
Figure 4.5 shows the side lobe amplitude versus the grating length and modulation depth 
for both TE and TM polarisations.
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Figure 4.5: Side lobe Amplitude vs. Grating Etch Depth and Length for (a) TE and (b) TM
The side lobe amplitudes in figure 4.5 are power fluctuations at wavelengths around the 
grating bandwidth. An ideal situation is to have side lobe amplitude suppressed to allow 
distinction between the reflected bandwidth, and that of the signal around the central 
Bragg wavelength. The data in the figures above show that there are similarities between 
the two polarisations as both the length and depth are increased. As both the length and 
the etch depth are increased, the amplitude also increases.
Here a trade off must be found to suit the needs of the device, ideally parameters which 
give a large reflection, a small FWHM and low side lobes all around the central Bragg 
Wavelength, whilst staying realistic regarding the fabrication and practical tolerances of the 
device. Too long a device can be problematic when fabricating as it can be difficult to 
maintain a constant period across the entire length of the device and if the etch is too deep, 
more scattering loss than from its shallower counterpart could be potentially introduced.
As introduced in the previous chapter, notable applications of Bragg Grating devices are as 
optical filters. Choosing the parameters as outlined earlier will enable a device to be suitably 
designed so that it can be deployed as an optical filter. For an ideal device, light is not
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transmitted through the device and is only reflected. In practice this is not always the case. 
Depending on the application, these different parameters must be characterised by 
evaluating the transmission, or reflection spectra, as in figure 4.2. In filtering where a band 
of wavelengths needs to be blocked, while all others are to be transmitted, the transmission 
spectrum is most important to understand the devices loss, bandwidth and extinction ratio 
as well as the side lobe suppression. For the opposite scenario, where the grating is 
designed to reflect, the reflection spectrum needs to be understood to quantify the 
reflection bandwidth, central wavelength and again side lode suppression. If the criteria 
were not optimised then the device would not exhibit potential to act a as filter, i.e. if the 
FWHM was too wide this would reduce the number of channels it could filter, and if the 
reflection was too low and side lobes too high, then it would be difficult to distinguish the 
filter response in the signal.
Examining the modelling data through figure 4.3 to 4.4 above, the device parameters that 
we are choosing for our Bragg Grating filter design will be that with a length of 200pm, an 
etch depth of lOOnm and a period of 230nm. These parameters will give a good trade off to 
achieve power spectra as those above in figure 4.2 and are realistically achievable with the 
traditional CMOS fabricating facilities and will give us a chance to compare the differences in 
a FIB fabricated device and the more conventional CMOS fabricated device.
4.1.2. Experimental Work
Within this section the experimental work carried out is introduced and the findings are 
discussed. All experimental fabrication using the FIB was carried with Dr David Cox 
operating the FIB equipment within the ATI. As an experienced FIB user and operator, his 
advice was particularly useful through this stage of the process. The FIB milling carried out 
throughout this work was performed on an FEI Nova Nanolab 600 [6 ], running in 
combination with DesignCAD LT 2000 for laying out the design to be milled and Nanometre 
Pattern Generation System (NPGS) [7] for translating the design to physical operation and 
realisation in the FIB.
As above, a design for a Bragg grating was chosen to be 200pm long with a period of 230nm, 
all etched to a lOOnm depth. Choosing the necessary milling parameters for realising this
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type of structure at first is unknown, so a number of different milling parameters were 
attempted to determine the viability of such a structure.
Upon the first few attempts it was realised that the length of our desired grating was too 
long. This was due to the fact that as the FIB beam wrote, it began to lose the ability to mill 
individual trenches and merely milled away whole sections of waveguide. This was due to 
the deflection length of the beam across the fixed sample. So to help overcome this issue 
the modelling was repeated for smaller length gratings. Figure 4.6 shows these results.
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Figure 4.6: Power vs. Short Length
From this data we can see that using a shorter grating length is still possible to achieve 100% 
Reflection, or in reverse 0% transmission, of light. This was a new starting point for the 
gratings we planned to write into the rib waveguides.
To understand further limitations involved in FIB processing, a number of different examples 
were milled directly into Silicon to investigate properties of depth, length and period of 
milling. The first of these was a study of grating period, with a varying beam dwell time to 
see the type of depths that are achievable and how close the pattern stays to the nominal 
period. Atomic Force Microscopy (AFM) measurements of these grating periods are shown 
in figure 4.7.
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The data shown in the previous figures have been determined using the freely available 
programme from Nanotec Electronica [8]. After AFM measurements have been performed, 
the resulting data is displayed as an image within the program in order to be investigated. In 
the case of the figures above, a simple cross section measurement has been taken, as 
shown be the white line over the left hand side image, with the cross section shown to the 
right hand side.
The gratings above were milled with a current of 30pA. Analysis of the graphs above shows 
that the period was closely maintained, to 2pm, values taken from the graph varied 
between 2.061pm, 2.1pm to 2.667pm but these differences could be down to the quality of 
the AFM tip and the resolution of the markers on the graphs. The mill with lOOpSec dwell 
has a depth around 20-24nm, with a 300pSec dwell having a depth between 78-92nm and 
the SOOpSec dwell having a depth ranging between 121-134nm. Therefore this shows that 
the depth can be varied somewhat depending on the dwell time of the beam, showing that 
the depths we have modelled are achievable.
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Figure 4.8 shows more gratings with a period varied from 1pm to 250nm, each using 
SOOpSec dwell time, resulting in a depth around 78-92nm.
From these figures we can see that the period is close to was intended. As mentioned, any 
error could be due to the quality of the AFM tip, and problems with manually focusing the 
FIB for each mill. What is also noticeable is that as the period shrinks and the dwell time 
increases, the trench sidewalls becomes less vertical. Reasons could be redeposition of the 
material as it is milled, and the fact that the beam shape of FIB actually has a profile similar 
to that of a Gaussian curve, so obtaining truly vertical edges will be complex [9,10,11].
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Redeposition is probably less responsible for this, as 100 passes were used for each mill, so 
whatever was redeposited will be milled away 100 times. However, from this data it is 
realistically viable to use the FIB to mill gratings with depths to around lOOnm, which is was 
first outlined as our desired etch depth earlier.
Continuing with fabrication, various new trial runs were performed with varying success. As 
all samples were manually aligned under the FIB, initial mills attempting to place the grating 
directly onto of the mill were unsuccessful, as shown in figure 4.9
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Figure 4.9: (a) Start and (b) End of Grating showing misalignment
To combat this, the main CAD file created to hold the design of the grating was edited to 
allow the grating to overlap the top of the rib. With the ability to mill a suitable depth, and 
to a suitable period, variations in the grating length were tested.
Numerous runs were carried out to test the maximum achievable length of a milled grating. 
The maximum which we settled on was a length close to 100pm, as in figure 4.10, due to 
the fact that the entire grating could be written in one complete mill without any damage to 
the end sections of the grating.
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Figure 4.10: Long Grating miiied across Rib Waveguide
Having solved the problem of milling the grating on top of the rib waveguide through 
overlapping, it was necessary to mill longer structures without damaging the trenches as 
they were milled. A program for auto aligning two or more gratings on the same rib can be 
performed to do this job. However, this is a complex operation as it requires the FIB to be 
well focused onto a certain point. Within the capability of NPSG, is the ability to scan an 
area for predefined shapes, so using this as a basis, a program was written by Dr Cox to scan 
for existing shapes and use them as a reference for milling additional shapes.
The first stages of this were to mill alignment marks, to use as reference points to them mill 
the grating on the rib. As two or more lengths were needed, additional different alignment 
marks were needed to use for aligning the second grating to be milled.
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Figure 4.11: Stitching Error in Gratings
Figure 4.11 shows two images taken by AFM, an overview and a 3D image showing the 
milled region where two gratings are joined. In this figure, it can be seen that there is a 
small overlap between the two different structures as they have been milled. This can be 
due to misalignment within the program, as there seems to be a 'double mill' over 3 
periods, where the two gratings join. However, the overlap on the horizontal is an error 
incurred due to the inability of the system to scan and align from the milled alignment 
marks.
Figure 4.12: AFM showing Aiignment markings and overiap
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The development of this auto aligning is in the early stages and needs further work to 
overcome and determine the precise degree of error involved in stitching two or more 
sections together. In the meantime, shorter gratings were still considered.
Of the trial runs that were performed, only a small selection of gratings seemed suited to 
our original design. We found problems with the sample charging from being coated, thus 
moving whilst being written on. Additional problems were found with achieving the desired 
depth with the oxide being present. Whilst the milling would penetrate the oxide layer, the 
redeposition in the trenches was an issue. In figure 4.13 overleaf, is an example of milling 
through the buried oxide is shown. The waveguide with the oxide on top can be seen, the 
oxide being the lighter material and within the cut away section of the waveguide, the 
darker material can be seen as the Si waveguide.
f I
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Figure 4.13: Miiling through Oxide Layer
Although the trenches of the grating are present and seem to be etched into the silicon 
section of the rib waveguide, the trenches narrow somewhat as the mill gets deeper. 
Additionally, as there are two materials to mill through, control of depth is difficult. 
Removing the oxide will allow greater control to mill the desired structure more easily and 
by following this strategy the following grating was milled.
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Figure 4.14: (a) AFM overview and cut away section of the lOum Long Grating shown in
the (b) SEM Image
This grating was milled with the FIB parameters of 50pA current, 20pSec Dwell Time/pass 
for 16 passes at 30keV. From AFM of this grating, the depth of the mill was in the region of 
70-75nm, with a period of =250nni. Determining the precise parameters is difficult as it can 
depend on the direction from which the sample was scanned, the quality of the tip and the 
cleanliness of the surface. The latter should be a minimal issue, as the sample is cleaned 
before and after FIB processing. Additionally it can be seen that the gratings surface is
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somewhat lower than the surface of the rib. This could be a factor resulting from the 
number of passes, the beam size and current. This device was subsequently characterised 
using the techniques described in chapter 3, resulting in the data shown in figure 4.15.
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Figure 4.15: Normalised Optical Data from Grating in figure 4.14
From figure 4.15 above, we do not see the characteristic resonance of a grating resonant in 
transmission around 1.55pm that was expected from our design. However, the period 
measured for this structure was around 250nm, not the desired 230nm that was set out in 
the original design. The increase in period will shift the desired resonance to a longer 
wavelength which according to equation 4.1 is 1739nm, which is well outside our 
wavelength scanning range.
However, we had previously seen that it is possible to mill the correct period grating, so this 
error may have been due to operation and manual setup. To check this, a series of varied 
gratings were fabricated to determine if there is some systematic error associated with 
milling from a CAD file design. Overleaf are figures obtained from this test all using the same 
nominal parameters as previously used.
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Figure 4.18:230nm Period
Referring to figures 4.15 to 4.18, a small error in the milled period can be seen when 
compared to the intended period noted in the figure heading. This can be attributed to the 
resolution of the SEM measuring bars. It does suggest that the CAD program was not to 
blame and that it is possible to achieve the desired period, but an error can occur through 
the manual processes of focusing and alignment. However the principle of using the FIB for 
direct writing and tailoring suggests that there will be some trial and error involved until a 
more suitable automated process can be established.
As outlined in the literature review, other authors using the FIB as a tool for direct writing 
have experienced problems of damage due to milling and loss associated with Gallium 
implantation. Using SRIM, the milling into a grating can be modelled and from this we can 
interpret the amount of damage caused by the impinging beam.
In practice an ion beam with energy of 30keV has been used for all milling. In order to 
understand the physical effects, this energy will initially be used in the modelling. Choosing 
the necessary parameters and running the simulation we get a number of data files.
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Importing these into Microsoft Excel and interpreting them we can create an image as in 
figure 4.19 which models the outline of a section of grating.
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Figure 4.19: Simulated 30keV Ga ion Damage in Si Grating
Using SOkeV, we can see the depth as to which we have damage in the grating structure 
would occur. The lighter colours are the areas where most damage has occurred and the 
darker regions are where less damaged has occurred to the Si.
Referring to the top left-hand side of the graph, a box is shown; this is defined as the where 
the grating has been milled away by the ion beam. To the right of this region is the sidewall 
of the grating, and here we can see that there is damage in the Si from the impinging ion 
beam in the grating region itself. This area is not actually defined as a milling region, yet 
damage has occurred.
At the bottom of the milled region, we can see damage extending well into the waveguide 
itself. The damage is greater as the bottom as with each successive pass of the ion beam, 
the Si will be milled away, yet at the same time, there will be both implantation and 
redeposition of the milled Si. This process will be repeated each time the beam passes over. 
These milled regions would become amorphous, made up of both implanted Ga and 
damaged Si. Optically, this would cause severe losses. If we were to create a mirror image of
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this image, stitch them together and repeat this for a given length, we would see this 
problem occurring along the entire length of the grating, on both sides of the sidewall and 
within the milled trenches themselves.
However, if we perform the same simulation though reducing the energy of the Ga ion 
beam to lOkeV, we see a change in the amount of damage in and around the milled regions. 
A similar graph for lOkeV is shown in figure 4.20.
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Figure 4.20: Simuiated lOkeV Ga ion Damage in Si Grating
Comparing figures 4.19 and 4.20, it can be seen that there are some similarities in the 
amount of damage occurring in the milled regions. On both graphs the damage extends into 
the sidewall of the grating itself, with similar profiles for both energies. However at the 
bottom of the milled trench, the damage occurring from an ion beam with energy of lOkeV 
is both shallower and reduced when compared with that of an incoming energy of 30keV. 
This suggests that the milling can still be carried out with a lower energy beam and will 
reduce the amount of damage occurring in the milled regions. However, other milling 
parameters as dwell time, number of passes, etc would also have to be altered to take into 
account this reduced beam energy. Additionally, the total milling time would also be 
affected increasing the time to mill a structure.
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This modelling suggests a possible explanation behind the issues encountered whilst milling 
the grating. Here we have set dimensional parameters which are physically milled, yet in 
addition to this removal of material we are also experiencing a large amount of damage in 
and around the grating structure itself, which of course is causing optical loss.
To understand this further we can perform an experiment to investigate the effects of 
residual Ga implanted in a waveguide. Using SRIM, the depth at which a representative 
amount of GA Ion's is implanted into the Rib waveguide is modelled, running one simulation 
for Si and one for the SiO] mask, the results are as in figure 4.21.
Ion Trajectories Ion Trajectoi ies
c«
3 s4fT
0 A -llm ig e tD q m h - 15D0 A 0.A -Taa^EttDïpd»-
Figure 4.21:30keV Ga Ion in Si and SiOz
As expected the 30keV Ga settles some distance into Silicon, around 50nm and with the 
oxide mask the depth is similar, but not near the silicon itself. In [12], the authors used a 
50nm AI2 O3 as it prevented the silicon from being implanted and reported no loss associated 
with implantation. Here the Oxide layer also acts as a mask protecting the Silicon waveguide 
from implantation and therefore we would expect a similar effect.
To test this, a series of loss measurements were carried to determine the loss associated 
with FIB processing. This involved taking a series of straight waveguides, measuring their 
loss, and then running a FIB beam over the rib waveguide for a given length, then re­
measuring to determine any additional loss. Loss measurements were evaluated via the 
Fabry-Perot method [13].
As the nature of the FIB is to sputter away material, on the recommendation of Dr David 
Cox, the beam was defocused so that sputtering was kept to a minimum. The length of the
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rib waveguide exposed was 50pm with varying currents, for each waveguide starting with 
lOpA, 30pA, SOpA, lOOpA, 300pA and SOOpA. The loss measurements before the experiment 
were as reported in figure 4.22.
TE Loss Measurements Pre FIB Processing
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Figure 4.22: Waveguide Loss before FIB Processing
Figure 4.22 shows losses comparable to the results in the literature discussed previously. 
However, these loss measurements are affected by the quality of the polish and the manual 
optimisation of the measurements. After FIB processing, the loss can now be seen as in 
figure 4.23.
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Figure 4.23: TE Loss Measurements Post FIB Processing
From the graph above, the loss as a function of current is plotted and it can be seen to 
increase rapidly. The loss measurements for the examples we have been using, around 
30pA, are around 80dB/cm for TE polarisation. This could help explain why we have not 
seen the desired output in the earlier fabricated gratings, as if the etch is too shallow then 
any signal could be lost in the noise, due to the high loss. It should be noted that figure 4.23 
does have points where gain has been introduced, but this could mainly be attributed to 
human error in the preparation of the measurements during the pre and post FIB 
processing. Additionally, FIB processing is presently unlikely to be carried out over distances 
as large as centimetres, but lengths in millimetres are probable
This shows that even with the oxide acting as a hard mask, the signal is still greatly 
influenced by the Ga impinging on the material. Even if the Ga is not located near the silicon 
waveguide, the evanescent field from the rib seems to be interacting with the implanted 
region. This was a very small sample to test with, so further work is still needed to 
understand the negative influence of the Ga on the optical signal.
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4.2. Tailoring of a Silicon Device
4.2.1. The Waveguide Bend
Silicon Photonic devices are generally made up of a combination of different components; 
the most important being the optical waveguides, both straight and curved. These are 
fundamental in connecting different elements of the device together. Waveguide designs 
can vary from rib waveguides to strip waveguides, depending on the type of device under 
design. Presently, strip waveguides are increasingly commonly used due to the reduced 
dimension size when compared to rib waveguides, though rib waveguides are still of 
interest due to their high coupling efficiencies to the outside world.
For this investigation we are going to use the FIB to alter another existing pre-fabricated 
device, so that its operating characteristics are altered. The device under investigation is a 
rib waveguide bend.
The rib waveguide bend is an important component in Silicon Photonic circuits. It is useful in 
routing light around a photonic circuit and is integral in the creation of some devices such as 
ring resonators and Mach-Zehnder interferometers (MZIs). Waveguides with small cross- 
sectional dimensions have strong lateral confinement and so small bends can be realised 
with minimal loss. However devices utilising large area waveguides are also beneficial in that 
they are not as dependent upon the processing tolerances used to fabricate them and are 
easier to couple light into as compared to small waveguides. Large waveguide bends do 
have a drawback in that they have a weaker lateral confinement and so as light propagates 
around a bend, it can be lost from the waveguide. Figure 4.24 shows the simulated TE mode 
profile of (a) a straight rib waveguide and (b) a rib waveguide within a bend as modelled 
with BeamProp [14].
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Figure 4.24: (a) Straight Waveguide (b) Waveguide Bend
The dimensions of the waveguide above are 1.35|im high and 0.8|am wide rib with a 0.47|jm 
slab height. In a bend with a 50|am radius as above, the mode is pushed to the right in the 
slab, where the bend is in the leftward direction. As this radius is decreased, the mode is 
pushed further out of the waveguide, thereby increasing the potential bend loss of the 
waveguide. Such loss can easily be modelled within BeamProp to determine acceptable loss 
for the given design. Figure 4.25 shows the modelling results of a radius varying from 
1000pm to 50pm in steps of 10pm.
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Figure 4.25: Modeiied Loss of Waveguide Bend
From figure 4.25, we can see that as the radius of the waveguide bend decreases the loss 
will increase, where loss for TE polarisation is greater compared with TM polarisation. This is
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partly due to the fact of where each polarisation lies within the Rib-Waveguide; TE polarised 
light extends further in the horizontal plane of the slab when compared with TM. Also as the 
mode propagates round the bend it is pushed against the one sidewall of the rib. This leads 
to energy at the edge of the mode being less confined and therefore leaking away with 
increasing distance. Other factors such as the roughness of the sidewall of the rib waveguide 
also add to the loss via scattering.
Larger radius devices take up a larger footprint, as shown in figure 4.26, compared to their 
smaller counterparts. This space could be used for more useful devices so it would be 
extremely helpful to be able to reduce the loss associated with small radius bends.
Figure 4.26: Schematic of the 180° S-bend Waveguides [4]
To reduce this loss, a trench can be placed in the outer trench of the bend. This was 
proposed by Aalto in [15] and can be shown below in figure 4.27.
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Figure 4.27: Mode travelling through a bend section (a) without and (b) with a trench [15]
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Such a trench effectively increases the confinement of the travelling mode. However, as 
mentioned earlier, the sidewall of the trench must be as smooth as possible as any 
roughness will contribute to additional optical loss of the mode.
Further modelling in BeamProp of a varying bend radius on rib waveguides can be carried 
out with and without a trench on the outside of the bend region. Additionally this trench 
can also be varied in depth to investigate any influence on the propagating mode. Using 
examples of radii as in figure 4.26, the results from this modelling show that bend radii over 
50pm will not be affected by the addition of a trench as the mode shift around the bend is 
reduced compared to that of smaller radii. The trench was modelled to start at 0pm depth 
and increase till it was at the maximum depth of the slab. The figures below show the 
results from such modelling for TE and TM polarisations for bend radii up to 50pm.
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Figure 4.28: Power Remaining after lO^m radii 90° rib waveguide bend
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Figure 4.29: Power Remaining after 25^m radii 90° rib waveguide bend
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Figure 4.30: Power Remaining after SO^m radii 90° rib waveguide bend
From the previous figures, it can be seen that an increase in etch depth (i.e. smaller slab 
height) around the bend results in an increase in residual power after the bend, especially 
for TE polarised light. As we have seen in the previous section, the milling of small features 
is entirely possible with the FIB and far less complicated than through conventional CMOS 
processing.
4.2.2. Experimental Work
In order to mill a trench section, characterisation trenches can be milled to determine the 
required FIB dwell time parameters that would give a reasonable depth trench to increase 
confinement. The primary parameter is the amount of time the focused ion beam is
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exposed to the sample surface and thus determines how much of the surface is milled (i.e. it 
is one of the parameters that affects trench depth).
As with the previous section the milling of characterisation trenches was carried out on an 
FEI Nova Nanolab 600 [6] running in combination with DesignCAD LT 2000 for laying out the 
design and a Nanometre Pattern Generation System (NPGS) [7] for translating the design to 
physical operation and realisation in the FIB. The trenches chosen to mill were 1pm x 1pm in 
size and were all milled at with a current of 30pA. Their depths are verified by AFM and the 
results are shown in figure 4.31.
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Figure 4.31: Dweil time vs. Trench Depth
The graph above shows the depths measured using AFM, additionally, the depth at which 
the covering oxide mask interfaces with the Silicon sample is shown as a black line at 
300nm. From this figure we can observe that the maximum milled depth is 638nm.
The covering oxide mask has clearly been breached, and a further 338nm of milling has 
occurred into the sample. As mentioned earlier, the dimension of the slab in question is 
470nm, so from this data it can be observed that, we can mill a trench fully into the slab 
guiding layer which will leave 132nm of the guiding layer un-milled when using these 
parameters.
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Relating the modelling of optical power levels in a 90° bend to this characterisation work, 
we can choose dwell times to mill to distinctly different depths. From figures 4.28 to 4.30, 
we can see that the power residing in each bend is different for shallower etches. Starting 
with a 10pm radius we observed that approximately 200nm can be etched away before 
there is a plateau in the residual power. The etch depth becomes somewhat shallower as 
the radius increases towards 50pm.
With initial modelling completed, a physical investigation could be performed. As before, we 
were using a set of prefabricated 10pm radius rib waveguide 90° bends to demonstrate the 
tailoring abilities of the FIB. Prior to milling, these were optically tested to verify their 
operation using the end fire setup as described earlier in chapter 3 and were subject to a 
simple triple clean. Light was observed at the output of each bend, after which they were 
ready to be processed in the FIB.
Milling parameters were chosen to give a residual target depth of 200nm and a trench was 
milled around the outside of the bend, so as to confine the mode as it propagates around 
the bend. Alignment is a critical issue as the trench should not mill into the waveguide, so 
rather than use NPGS CAD program to translate the design to the FIB, the built in software 
of the FIB was used, with the pattern being superimposed over the top of a live SEM image 
of the bend. SEM images in figure 4.32 show the results of the processing, it can be seen 
that the trench has been successfully milled and it has not milled into the waveguide.
Figure 4.32: FIB Processed 90° Bends
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Optical tests on these processed bends gave negative results. It was found that no light was 
transmitted through the bends. Under processing, the trench was milled directly above and 
around the area where the mode would travel through the slab and waveguide. Referring to 
figure 4.24, it can be seen that the mode has a large evanescent field which has a strong 
interaction with its surrounding area. As with the fabrication of the Bragg Grating on top of 
the rib waveguide, the interaction of the mode with the processed regions is causing optical 
loss. Additionally, the trench will also have a certain amount of damage, implantation and 
redeposition of sputtered Ga from the processing.
In order to investigate the effects of such Ga implantation and redeposition an array of 
trenches was milled. In total the array contains 25 different milled trenches, each 10pm x 
10pm in size. Each has been milled at an energy of SOKeV with varying current and dwell 
time to create varying depth profiles with varying dose. Each trench has been milled with 
100 passes to minimise redeposition and to allow the trench to be well defined.
With each trench milled, AFM analysis was again carried out to determine the physical 
depth to which each trench was milled. Results from this analysis can be seen below in 
figure 4.33.
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Figure 4.33: Plot of AFM data
The data demonstrates that milling has been linear as expected, though the depths are 
somewhat smaller than in figure 4.31. This is probably due to the fact that trenches milled 
are ten times larger than the characterisation trenches previously milled. A notable point is
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the data for trenches milled at a current of lOpA for times of 400 and 600pS is not plotted 
as the AFM data was too noisy. Therefore the actual depth for this trench proved 
indeterminable. Flowever the trench is noticeable and following the trend for the longer 
dwell times, it can be approximated as very shallow at ~lnm. AFM images are shown in 
figure 4.34 where the outline of each trench can faintly be seen.
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Figure 4.34: AFM Scan of (a) 400 & (b) SOO^Sec Dwell Mill
With AFM analyses complete, our next step was to understand the amount of Ga still 
remaining in each trench region. An initial investigation into this can be carried out via 
Energy Dispersive X-Ray Spectroscopy (EDX). Ga was determined to be present, but its exact 
location was difficult to establish as the spectroscopy count was too low. Therefore another 
method was pursued to gain better resolution and hence a better insight to the amount of 
Ga still remaining. This was done through Particle-Induced X-ray Emission (PIXE) and was 
carried out at the Ion Beam Centre (IBC) within the University of Surrey.
PIXE analysis was performed to gain an understanding of the location of residual Ga in each 
trench of the array, with an aim to determine the distribution along the edge and bottom of 
the trench. Presently, a good understanding of the geometrical properties of FIB processed 
devices has been published [16] but to the authors' knowledge no investigation has been 
undertaken into the distribution of such residual Ga. With such information the losses of FIB 
processed devices can be better understood and choices can be made on how the 
processing is performed. Resulting Ga maps from PIXE are shown in figure 4.35.
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Figure 4.35: PIXE Ga Map & Schematic of Grid
Figure 4.35 provides a schematic of the test grid consisting of 5 rows and 5 columns, where 
the rows are the dwell time of the mill and the columns are the current applied to give a 
varied dose across the array. Each trench is listed on the map as a point from 1 to 25. The 
map shows the distribution of the Ga in and around the milled trenches and from this map 
the dose of the residual Ga can be determined. Figure 4.36, below, shows this data 
alongside the input dose applied to each point on the array.
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Figure 4.36: Input Dose & PIXE Data
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From the PIXE data, it can be observed that approximately 10% of the input dose has 
remained after FIB processing in the form of implantation and/or redeposition on the 
surface. However, the data is too noisy for any quantitatively useful lateral and depth 
information of the residual Ga, therefore further analysis is needed for better statistics.
With an initial analysis performed, the sample was then annealed in a Nitrogen atmosphere 
in an attempt to diffuse the Ga from the trench region and potentially modify any damaged 
amorphous regions. Annealing was carried out using a low thermal budget, similar to that as 
used in [17], of 300°C over a period of 2 hours, which has shown improvement in device 
performance. Such a budget was chosen as we are attempting the show the use of the FIB 
as a post processing tool. The use of a high thermal budget as in [18] has proved to reduce 
Ga contamination, but here such a budget would have negative effects on any metals in 
place on the sample, either in the form of contact pads for active devices or antireflection 
coatings on facets.
Upon completion of annealing, further PIXE analysis was performed in an attempt to 
determine whether the Ga diffused. Once completed a selective etch was performed in an 
attempt to etch away any potential Ga residing on the surface of the sample. To do this 
etch. Aqua Regia was used as it would minimise Si or the buried oxide layer (BOX) etch. 
Again, PIXE analysis was carried out to determine the residual Ga in the trenches. The maps 
from the final two scans gave the results as in figure 4.37, where the pre and post etch are 
shown.
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Figure 4.37: PIXE analysis post anneal and etch
From the final PIXE analysis, we observed that the concentration of Ga is still as strong as 
initially measured, showing that both the anneal and etch have not worked as desired. The 
uncertainties here are quite large; this is due to the low resolution of the PIXE beam, which 
is 4|im in diameter (FWHM), in a 10|im trench.
The next piece of work undertaken within this work is the use of the FIB to tailor, or repair, a 
device that has suffered at some stage of fabrication, thus saving the valuable time and 
resources already invested.
4.3. Repairing a Silicon Photonic Device
4.3.1. Micro disk Resonator
During fabrication of a Silicon Photonic device, there are many stages where errors can 
occur or be introduced. This can start as simple contamination and/or mask misalignments 
during the photolithography stage to more complex problems during the physical etching 
stage. Errors introduced at any stage of the process can snowball and multiply as the 
process flow continues and any error has the potential to ruin an entire fabrication run, and 
thus waste a great amount of time and expense.
Through the previous sections, we have demonstrated the FIB as a tool for fabrication and 
tailoring of Silicon Photonic devices. Flowever, within this section we are going to introduce
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the FIB as a tool for repairing such devices which have suffered from fabrication errors 
during conventional CMOS processing.
During the course of this project, such a device has come into our possession from another 
project [19] under way within the Silicon Photonics group at the University of Surrey. This 
device is a micro disk resonator, which has designed purposely to not be fully realised 
during fabrication. This was done to allow us to demonstrate further work with the FIB. An 
example of this faulty device can be seen below in figure 4.38a alongside how it could look 
after successful fabrication 4.38b.
Figure 4.38: (a) 5pm Radius Micro disk Resonators with fused coupling regions [19](b) 
Successfully fabricated Micro disk resonator [20,21]
From the previous figure, we can clearly see the difference between the two different 
images. Comparing the two, in figure 4.38a we can see two regions at the top and bottom of 
the disk where the Silicon has not been fully removed during the etching process, whereas 
in 4.38b, we can see the Silicon has been fully removed to create two entirely different 
structures, a disk and a waveguide. This is clearly an issue as the device will not operate as 
designed and therefore the effort has been in vain. Such a fault is perfect for demonstrating 
the ability of the FIB to act as a repair tool in a post processing environment. Figure 4.39 
shows the CAD layout of the original fabricated device to show the different elements of the 
device, including the input and output gratings (shown in green) where the fibres are 
coupled to, the drop and through ports from the resonator, as well as the resonator itself 
with its coupling regions.
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Figure 4.39: L-Edit CAD layout of Micro disk Resonator [21]
Prior to FIB processing a strategy is needed on how we plan to rectify the devices design. In 
order to remove the unwanted silicon two different methods have been decided upon. The 
first is a simple method which simply involves milling away the silicon within the coupling 
regions, whilst the second is a more complex procedure, involving milling a trench around 
the outside of the disk, encompassing both coupling regions. Observing a close up of the 
fused regions we can highlight how each strategy will work as in figure 4.40 and figure 4.41.
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Figure 4.40: Fused coupling region of 10pm Radius Micro disk Resonator with trench
milling strategy shown
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Figure 4.41: Fused coupling region of 10pm Radius Micro disk Resonator with part of the
circular miiling strategy shown
From figure 4.41 above we can see a red line imposed over the SEM image of the fused 
coupling regions; this denotes the planned milling region. Any region outside of the red 
region will not be milled. The arrows on the figure also show two regions which have been 
coined 'silicon notches'. These are areas that can be milled, but the in order to keep the 
repair procedure as simple as possible, they are not being removed, thus leaving small 
amounts of protruding silicon on both the disk and straight waveguide.
Whilst both strategies will de-fuse the waveguide coupling region from the disk, the milling 
of the circular trench around the outside of the disk will be the most complex. We have 
demonstrated such a process earlier on 90° bends so the same procedure can be used, but 
with a greater risk when compared to the simple trench being milled between the 
waveguide and the disk as a slip into the disk itself will ruin the process.
On each sample provided there are 5 different disk resonators, each with a radius of 2pm, 
3pm, 5pm, 10pm or 20pm. There a number of these devices at our disposal, however we 
will only introduce a selection which we deem of most interest. Prior to any processing with
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the FIB, the devices need to be tested to verify their operation and determine their present 
optical response. Using the grating coupling setup as mentioned earlier in chapter 3 each 
device is aligned for optimal coupling then an automated program is run to scan the 
wavelength response of each disk. This data can be seen below in figures 4.42 to 4.46.
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Figure 4.42: Pre FIB Optical Data for 2pm Radius Micro disk Resonator
The previous figure shows the spectral response of the 2pm radii disk resonator. We can see 
a single transmission dip around 1535nm for both the through and drop ports, whilst the 
response tails off around 1560nm.
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Figure 4.43: Pre FIB Optical Data for 3pm Radius Micro disk Resonator
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From the figure above we can see the response for the next sized device up, the 3pm radii 
resonator. In this graph we can see a number of dips in transmissions for both the through 
and drop port, with the data for the drop port tailing off around 1575nm.
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Figure 4.44: Pre FIB Optical Data for 5pm Radius Micro disk Resonator
Figure 4.44 above shows the spectral response for the 5pm resonator. Again, we can see the 
data for the through and drop port, but unlike the previous two graphs, there appear to be 
multiple modes in the resonant dips of transmission, again with the data tailing off towards 
the end of the scan.
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Figure 4.45: Pre FIB Optical Data for 10pm Radius Micro disk Resonator
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The final two graphs, figure 4.45 previous and 4.46 below show the data for the largest of 
the devices under investigation. Here we can see that both devices are becoming equally 
multimode, with multiple resonant dips.
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Figure 4.46: Pre FIB Optical Data for 20pm Radius Micro disk Resonator
Having completed the initial wavelength scans of these devices they are now ready to be 
processed within the FIB in an attempt to rectify the fabrication errors. As before the 
sample is prepared for processing by undergoing a simple triple clean to remove any 
contamination from the surface of the sample. After cleaning, a hard mask of Tungsten is 
deposited onto the sample for two purposes, to prevent sample charging within the 
chamber and to help protect from Ga contamination away from the processed regions. 
Steps for the deposition of the mask have been outlined in the previous chapter.
Each sample is loaded into the FIB as previously outlined, setup and ready to be processed. 
As with the previous work on bend tailoring, we are not going to use the NPGS CAD system, 
but again just use the inbuilt software of the FIB itself as the deigns are not as complex as 
the previous grating patterns. As before the area to be processed is viewed through a live 
SEM scan and the desired pattern, or shape, is superimposed over the correct region. As 
before this allows for easier alignment than with the NPGS CAD system used for the 
gratings.
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Viewing the devices with the SEM we determined the separation between the waveguide 
and the disk in the coupling region to be around lOOnm, therefore this will be set as the 
width of both the straight and circular trenches. We also know that the designed height of 
the waveguides and disk is 220nm. Knowing this and from previous experiences we have 
decided that any milling will be set to be far deeper than the features on the sample. Using 
the FIB software, a current of O.lnA is chosen and a width of lOOnm and a target depth of 
400nm is set for each pattern. Unlike before we do not need to set a dwell time, this is 
automatically calculated within the FIB itself. Using these parameters, and the pattern 
aligned correctly, milling can be carried out. Overleaf are a series of images showing both 
the pre and post FIB processed devices and the respective trenches that were milled.
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Figure 4.47: (a) 2pm Radius Micro disk Resonator Pre FIB (b) Post FIB Disk with rectangular
trench milled
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Figure 4.48: (a) 3pm Radius Micro disk Resonator Pre FiB (b) Post FIB Disk with circular
trench milled
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Figure 4.49: (a) 5pm Radius Micro disk Resonator Pre FIB (b) Post FIB Disk with rectangular
trench milled
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Figure 4.50: (a) Ciose up of 10pm Radius Micro disk Resonator Pre FIB (b) Post FiB Disk
with rectangular trench milled
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Figure 4.51: (a) Close up of 20pm Radius Micro disk Resonator Pre FIB (b) Post FIB Disk
with rectangular trench milled
From the above figures we can clearly see the fused coupling section before the device was 
milled and the difference after it was milled. Note the two different milling strategies used. 
The circular trench was adopted for the smaller of the devices as the whole device needs to 
be viewed at any one time during the milling. The higher the magnification, the better the 
resolution and ability to align the pattern properly.
We can also see from the images some of the problems encountered during milling. In 
figure 4.47b, we can easily see that as the trench has been milled, it has also milled away a 
section of the drop port waveguide. In figure 4.48b, the circular trench has actually milled a
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trench over the disk to produce a disk within a ring. Such problems were averted for the 
later figures, as a simple rectangular trench was milled in the coupling region. However, in 
figure 4.49b, we can see that the trench has also been milled in to the waveguide of the 
drop port. This highlights the importance of aligning the pattern correctly if the FIB is to be 
used as a means to correct previous errors. With the milling complete, the Tungsten mask 
that was deposited earlier must be removed before optical testing. This is done through 
soaking each sample in a solution of Hydrogen Peroxide (H2O2 ) that selectively etches only 
the Tungsten for a period of around 10 minutes. As the sample soaks, the Tungsten can 
easily be seen to dissolve in the solution.
Having removed the Tungsten mask, each device can now be optically tested again on the 
grating setup in the similar manner before. A selection of interesting data from these scans 
can be shown in the following figure.
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Figure 4.52: Selection of Post FIB Optical Scans
From the above we have only highlighted the through port data. This is due to too much 
noise being present on the drop port data which we presume is due to optical loss caused 
by the milling regions and any residual Ga from the processing. Additionally, the three 
smallest radii devices are shown for the same reason. If we compare the pre FIB data with 
this we can see the scans are similar in response, yet with less power.
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This is very encouraging data compared to our earlier work on fabricating Bragg Gratings 
and tailoring 90° waveguide bends, where no optical power was present after FIB 
processing. With positive preliminary results additional milling was scheduled for number of 
devices, however, from this set of devices, we decided that the milling strategy used would 
be a simple rectangular trench to de-fuse the coupling regions from the disk. This is 
primarily due to the ease of aligning the pattern. As before the samples were optically 
tested, cleaned and a hard mask was deposited and after processing, the devices were also 
retested. From this set of milling one device stood out in particular from the other devices. 
Details of this will be shown and discussed below.
As mentioned, the milling strategy used for this set was a simple rectangular trench milled 
into the coupling region to separate to two regions. From the initial work this proved the 
easiest strategy in terms of accuracy and reliability. Within this set of milling the device that 
stood out was a 2pm radius device. The optical data from the scan before milling and after 
milling is shown in figures 4.53 and 4.54.
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Figure 4.53: Pre FIB Optical Data for 2pm Radius Micro disk Resonator
108
• Piff 2‘uit P«vï' t# P a* 
••(PidSPte^irt tgPZK'P'a*
M#
im
ii'p t
is # i! Î5 m  15?® 15®0 1 5 »  IWW M l®  I t M
'5&«x«ten<g5l(( f«ww»’^
Figure 4.54: Post FIB Optical Data for 2pm Radius Micro disk Resonator
Comparing the two above figures, we can clearly see a difference between the two graphs. 
The pre FIB data shows a dip in wavelength for both the through and drop port. Whilst in 
figure 4.54, the post FIB shows a substantial amount of dips for the through port yet the 
data for the drop port is merely noise. Additionally we can see that the power levels 
between the pre and post state are different, with the post data being some 30dB lower. 
We presume again this is due to the residual Ga from processing. Closely examining the post 
FIB data we can draw another graph as in figure 4.55.
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Figure 4.55: Close Up of Post FIB Optical Data for 2pm Radius Micro disk Resonator
From this graph we can see a clearer picture of the wavelength response of the through port 
of the FIB processed device. On this graph several important parameters have been 
highlighted that define and quantify the functionality of the disk resonator [4,19].
One value of interest is the extinction ratio. This is defined as the ratio of two power levels 
when the resonator is 'on' in resonance and when it is 'o ff  and not in resonance. This value 
should be as large as possible as the smallest amount of power should be passed from the 
input to the output waveguide when the resonator is in resonance. From the graph we can 
see an extinction ratio of 20.8dB.
Analysing the graph further we can see a figure of merit which is called the Free Spectral 
Range (FSR). The FSR is defined as the distance between two resonant dips and can be 
shown by the following equation:
FSR = AÀ = à" (4.2)
where C is the circumference of the disk, Ng is the group index and À is the central 
wavelength of the nearest peak, AX is the FSR. From this figure we can see the FSR to be 
1.25nm.
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Another parameter that is used as a figure of merit of the resonator is the Finesse (F) of the 
resonator. It is can be defined as in equation 4.3:
FW HM  (4.3)
where the FWHM is the Full Width at Half Maximum. This is defined as the spectral width of 
a resonant dip measured at the half way point; from figure 4.53 we find FWHM is 250pm. 
Having the FWHM and FSR, we can calculate the finesse, F, to be 5.
Using the Finesse can also be used to calculate another figure of merit, the quality (Q). This 
figure is a measure of the resonators wavelength selectivity as well as its ability to store 
energy. In terms of F, the Q can be given by equation 4.4:
A (4.4)
Any power from scattered from the ring will decrease the Q, and since Q is proportional to 
F, this implies that the FWHM will increase for a lossy resonator. Therefore, the finesse can 
also give a sense of the loss for the resonator; it should be as large as possible to show 
minimum loss. In order to give a value for Q, we need to find Ng first. Rearranging equation 
4.2 gives Ngas:
f  (4-5)
Using the values from the graph and C=12.56pm, Ng can be determined to be 3.076. Using 
these values we can calculate the quality factor, Q, of the resonator to be 125.
Comparing this data with similar devices in the literature, we can see that there is still a long 
way to go until this FIB processed device operates anywhere near the region of some other 
devices. For example, in [22] a disk resonator is presented with a radius of 20pm. whilst this 
is somewhat larger than the 2pm device we have presented; it shows values for the Q to  be 
as high as 3.1x10^ In [23] a 2pm disk resonator fabricated through nanoimprint lithography 
demonstrates a Q factor of 60x10^ with an FSR of 54.6nm. In [20], another similar sized
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resonator is reported with a radius of 1.5pm, This is fabricated via conventional CMOS 
processing and a Q factor of around 1000 and an FSR of 230nm was reported. Additionally, 
work was present in [24] where a ring resonator of 3pm radius was fabricated through e- 
beam lithography and reactive ion etching, to produce a device with a Q as high as 2500 and 
an FSR of 26.5nm for TM polarised light. Comparing these works we can see that a smaller 
resonator will have a reduced Q factor due to the potential of introducing scattering loss 
through tighter restricted bends, additionally the fabrication process will also have an 
influence on the quality. The FSR of a resonator, is inversely proportional to the size of the 
resonator, therefore, for a smaller sized device we expect the FSR to be large. The examples 
presented in [20,23,24] are devices of similar size yet they also show a higher FSR than the 
one we have demonstrated.
The device we have presented here has been fabricated by two means, conventional CMOS 
then it has been milled using a FIB. Each stage introduces its own loss mechanism, either 
through scattering due to surface roughness of the sidewall of the waveguide or absorption 
by the residual Ga from FIB processing. Whilst these values are not as good as some 
presented in the literature, it shows a starting point and demonstrates a proof of concept 
for the FIB as a repair tool in a post processing environment.
Having taken initial measurements the next stage is to try and improve the device by 
reducing the influence of any residual Ga on the optical power. In the literature such 
recovery methods have been introduced and demonstrated [18,25]. We plan now to use 
this work as a basis to try and recover this device from the FIB processing.
Using a similar strategy, the entire sample will not be subjected to high temperature 
annealing. Unlike before, we are now adopting a temperature of 800°C for a period 2 hours. 
Annealing takes place in a quartz tube furnace under vacuum. Due to the nature of the 
furnace, annealing was carried out at 800°C then the furnace was turned off. As there was 
no means to rapidly cool the furnace, the quartz tube remained in the furnace until it was 
cool enough to handle. This would often take place overnight so the sample was cool 
enough to handle in the morning. Following annealing, the device was again optically tested 
to determine the amount of recovery. The results from this can be seen in figure 4.56.
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Figure 4.56: Post FIB, Post 2hr Anneal Optical Data for 2pm Radius Micro disk Resonator
Though Port
From this figure we can see that the resonances we observed earlier are no longer present 
as they were in figure 4.54 and 4.55. Where we have aimed towards recovering from the FIB 
processing by annealing out any Ga, it appears we have actually increased the optical loss. 
Examining the device with the SEM gives us an interesting image as in figure 4.57.
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Figure 4.57: Post FIB, Post Anneal 2pm Radius Micro disk Resonator with rectangular
milled trench
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From this image we can clearly see there is some surface damage to the disk structure and 
the surrounding waveguides. The cause of this is unknown as the sample has not been 
subject to any further processing besides the initial FIB milling. One suggestion that can be 
made is that the Ga has been diffused through and away from the device over the course of 
annealing and has left the noticeable surface pitting and surrounding damage. 
Unfortunately due to time constraints of the project, additional investigations into this 
phenomenon were not carried out.
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5. Conclusions & Future Work
5.1. Conclusions
The main objective of this work was to carry out an investigation into the feasibility of using 
a Focused Ion Beam (FIB) to fabricate and tailor Silicon Photonic Devices. This chapter 
presents conclusions of the work that has been carried out over the period of the thesis in 
relation to its main objectives outlined in the introduction chapter.
At the start of this thesis we presented several alternative fabrication techniques that have 
been developed and are, if not all, commonly used as a means to fabricate Silicon Photonic 
devices. Each has their own advantages and disadvantages, yet it was within this thesis that 
we chose to focus primarily upon the use of a FIB.
The initial study into the use of a FIB was primarily concerned with the ability to fabricate a 
Bragg Grating Filter similar to those reported within the literature review in chapter 2, yet at 
the same time fabricating the device on a prefabricated waveguide which had already been 
developed through another project [1] in order to highlight the FIB's flexibility in tailoring 
existing Silicon Photonic devices.
Beginning in chapter 4, we carried out a number of initial characterisation studies to 
understand the capability and limitations of the FIB when applied as a tool for device 
fabrication and tailoring. This first objective was realised, where a Bragg Grating was 
fabricated upon an existing rib waveguide without the need for any of the complex and 
expensive lithography resources presently being used.
However, as this investigation progressed we began to experience some of the similar 
problems that were starting to affect a number of other groups throughout the world as 
they worked on a similar theme. Examples of such problems that were being widely 
experienced were firstly the redeposition of milled material as the FIB beam was moved 
across the surface of the material undergoing processing [2,3], secondly and possibly the 
most important issue was with any residual Gallium left upon or implanted into the surface
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of the processed material absorbing the optical power as the device was under optical 
characterisation [4,5,6].
Having an understanding for the issues that were being experienced, we further developed 
our investigation in chapter 4 to focus on such problems as outlined above. In an initial 
investigation, we investigated the use of the FIB for the purpose of tailoring a waveguide 
bend, to reduce bend loss. In addition to this, were also able to demonstrate the amount of 
contamination that was present after processing different areas of Silicon with various FIB 
milling parameters. Initial results reported in [6] speculated that around 10% of an applied 
dose was left as a residual deposition within the processed area. Unfortunately our aim to 
map out and quantify this residual Ga was not fully completed due to restrictions in the 
resolution of the equipment being utilised. However, this did lead us to understand how the 
limitations in processing Silicon Photonic with a FIB could be adjusted in order to realise our 
main goals set out at the start.
In the literature review in chapter 2, we reported various methods to minimise, reduce and 
even remove residual Ga after processing had occurred. However, the methods used by 
various different groups are not entirely desirable. Many of the methods presented involve 
the undertaking of additional sample processing steps; either in the form of depositing 
multiple layers to protect the devices from Ga implantation [7], to the use of destructive 
etches to remove areas of contamination [8]. In the scope of this work, we have tried to 
introduce the FIB as a tool that allows simple operation yet yielding valuable results. To 
meet this goal we aimed to provide FIB processing of silicon photonic devices with the 
minimum of processing.
From the investigation into characterising the amount of residual Ga, we determined that 
the Ga was deposited and implanted all around the region of processing. Knowing this we 
determined to carry out further work where the influence of any residual Ga would cause 
minimum amount of loss. To do this the plan was to perform processing, where the milled 
regions would be as small as possible and as far away from the optical path. For this, the 
approach of tailoring a circuit was again pursued, this time, with the added benefit of 
repairing a faulty device to change its optical characteristics.
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The device we have processed in this manner was disk resonator that was fabricated with 
fused coupling regions. Using the FIB we were able to remove, and de-fuse these unwanted 
regions of Si to successfully to demonstrate an operational device in a post FIB processing 
environment. From this work we reported a disk resonator with a 2pm radius, operating 
with a Quality Factor (Q) of 125, a Free Spectral Range (FSR) of 1.25nm, a Full Width Half 
Maximum (FWHM) of 250pm all with a Finesse (F) of 5.
Whilst these figures of merit are not the best to be reported within the literature, they do 
show the ability to use the FIB as a tool for repairing a faulty device in a simple one step 
process, unlike as in some of the examples mentioned within the literature review. The key 
to this was the small areas being milled away, whilst also the depths at which the milling 
reached being far deeper than the regions which interacted with the optical power as it 
travelled the device.
5.2. Future Work
As already mentioned earlier, the FIB can easily be used as a tool for "nanosurgery" or for 
maskless lithography. Drawing from the methods within this work and that of the literature, 
compromises can include changing the milling strategies to reduce the redeposition of 
material from milling as reported in [9]. Additionally, to complement this strategy, an 
alteration to the milling dimensions should also be considered. Milling a region smaller than 
required will also complement the ability to selectively and controllably etch regions of 
damage and redeposition [10] through either conventional chemical/plasma etching or 
through thermal oxidation. Additionally, the use of thermal annealing in-situ can also be 
considered as a means to reduce optical loss [11].
Whilst these methods show a good promise for the ability to prototype devices, they are 
limited when applied to the post processing of devices. Here methods of correction/repair 
need to be carefully selected so as not to have an adverse effect on existing surface 
topology, i.e. metallic contact pads, anti-reflective coatings, or device geometry. Procedures 
such as etching, thermal oxidation and high temperature annealing will alter the device 
topology in various ways from melting contact pads and antireflective coatings, to removing 
unaffected areas of the device. However, a method that can be proposed in the post 
processing environment is laser annealing [12]. Here an area of a device can be selectively
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annealed so as not to affect other areas of the device. This will have a great benefit, as 
present research has not taken advantage of location specific thermal annealing.
In addition as we have seen, imaging and milling with Ga ions always result in Ga being 
incorporated on to the surface of a sample. As the sample surface is sputtered away, the Ga 
is implanted further into the sample, and a steady-state profile of Ga is reached. This 
contamination is the most important problem. Whist the methods we have introduced so 
far are merely a compromise, another alternative solution is to change the Liquid Metal Ion 
Source (LMIS) [13] being used within the FIB. Such sources include Gold-Silicon (Au-Si), Gold- 
Germanium (Au-Ge) and Gold-Silicon-Germanium (Au-Si-Ge) [14]. In order to get an 
alternative solution to Ga LMIS, mass-filtered columns have been developed, based on a 
Wien filter technology. Besides allowing the use of sources others than Ga, these columns 
can switch from different species simply by adjusting the properties of the Wien filter.
In conclusion, from the work outlined within this thesis and the potential for future work, 
there is a clear evolution beginning in the commercially available FIB systems becoming 
more flexible and versatile as a tool for rapid fabrication, tailoring or repair of Silicon 
Photonic devices.
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